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ABSTRACT 

The Dynamic Programming Concept for  m u l t i - s t a g e  
d e c i s i o n  p r o c e s s e s  is i l l u s t r a t e d  v i a  a s imple  example. 
Based on t h i s  concept ,  a computer program w a s  developed 
which can ,  i n  t h e o r y ,  s o l v e  any m u l t i - s t a g e  d e c i s i o n  pro- 
cess t h a t  can  be  p u t  i n t o  t h e  State Space Format. I n  
p r a c t i c e ,  t h e  program is l i m i t e d  as t o  t h e  s i z e  of t h e  
problem it can handle .  

Discrete,  dynamic, o p t i m i z a t i o n  problems w i t h  a 
l i m i t e d  number o f  s t a t e  v a r i a b l e s ,  a l a r g e  number of con- 
s t r a i n t s ,  and many a l t e r n a t i v e  s t r a t e g i e s  t o  be e v a l u a t e d  
s u b j e c t  t o  t h e  c o n s t r a i n t s ,  are good c a n d i d a t e s  f o r  t h i s  
program. An approach was t aken  i n  which c o n s t r a i n t s  are 
used t o  s u b s t a n t i a l l y  reduce t h e  w e l l  known d i m e n s i o n a l i t y  
problem associated w i t h  Dynamic Programming. T h e  program 
s t a r t s  a t  a p o i n t  and g e n e r a t e s  a l l  t h e  o p t i m a l  s o l u t i o n s  
which s a t i s f y  t h e  s p e c i f i e d  c o n s t r a i n t s .  One or more o f  
t h e  o p t i m a l  s o l u t i o n s  gene ra t ed  can  t h e n  be e x t r a c t e d  from 
t h e  class o f  many opt imal  s o l u t i o n s  f o r  desired a n a l y s i s  
and use .  A r ea l i s t i c  space  program p lann ing  a p p l i c a t i o n  
i s  used  t o  i l l u s t r a t e  t h e  f e a s i b i l i t y  and u s e f u l n e s s  of  
t h e  concep t  as w e l l  as t h e  computer program. 
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MEMORANDUM FOR FILE 

1 . 0  I n t r o d u c t i o n  

There are f o u r  b a s i c  e l e m e n t s  f o r  every d e c i s i o n :  

1. G o a l ( s )  o r  O b j e c t i v e ( s )  
2 .  L i m i t a t i o n s  o r  C o n s t r a i n t s  
3 .  A l t e r n a t i v e  S t r a t e g i e s ,  and 
4 .  Evalua t ing  C r i t e r i o n  ( a )  

The f i r s t  element is  t o  e s t a b l i s h  a g o a l  o r  a s e t  
of o b j e c t i v e s  t o  be achieved. Th i s ,  perhaps ,  i s  t h e  most 
d i f f i c u l t  p a r t  of a d e c i s i o n  p rocess  and depends on t h e  de- 
c i s i o n  maker as much as it does on t h e  s i t u a t i o n  o r  problem 
t o  be r e so lved .  The second p a r t  i s  t o  i d e n t i f y  t h e  l i m i t a -  
t i o n s  or  c o n s t r a i n t s  w i th in  which t h e  acts of a d e c i s i o n  
p rocess  must be  c a r r i e d  out .  This  i s  perhaps t h e  l ea s t  sub- 
j e c t i v e  of t h e  f o u r  elements and depends mainly on t h e  
problem. The t h i r d  element i s  t o  enumerate a l l  p o s s i b l e  
a l t e r n a t i v e  s t r a t e g i e s  t h a t  s a t i s f y  t h e  c o n s t r a i n t s  and 
ach ieve  t h e  e s t a b l i s h e d  o b j e c t i v e  ( s )  . For complex prob- 
l e m s ,  t h i s  i s  u s u a l l y  t h e  most t e d i o u s  and t i m e  consuming 
p o r t i o n  of t h e  d e c i s i o n  process and where t h e  computer can 
be  a u s e f u l  t o o l .  And t h e  l a s t  e lement  i s  t o  e s t a b l i s h  a 
c r i t e r i o n ( a )  by which t h e  a l t e r n a t i v e  s t r a t e g i e s  can be 
compared and eva lua ted  s o  as t o  choose a " b e s t "  o r  "opt imal"  
s t r a t e g y .  

Dynamic Programming i s  a w e l l  known mathematical  
t echnique  i n  g e n e r a t i n g  opt imal  s t r a t e g i e s  f o r  m u l t i - s t a g e  
d e c i s i o n  p rocesses .  A s e r i o u s  disacivantage of thi:; method, 
however, i s  d imens iona l i ty ,  t h a t  i s ,  l a r g e  amounts of i n -  
format ion  m u s t  be s t o r e d  i n  computer memory even f o r  problems 
wi th  r e l a t i v e l y  f e w  dimensions ( 3  o r  4 ) .  An approach i s  
used t o  s u b s t a n t i a l l y  reduce t h e  d imens iona l i ty  problem. 
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In Section 2, a simple example is employed to 
illustrate the concept of dynamic programming. The state 
space formalism is also explained and the procedure for 
the computer program is developed. 

In Section 3 ,  a description of the computer program 
is given. The steps a programmer must perform in order to 
set up his program for a particular application are specified 
in detail. 
age are also given. 

The limitations of the dynamic programming pack- 

In Section 4, a complex realistic decision process 
of a space program example is presented. The transformation 
of a qualitative engineering problem into the state space 
format, as well as the use of the program, are illustrated. 
Conclusions are then given in Section 5. 

2.0 Dynamic Programming* 

Perhaps the best way to explain the dynamic program- 
ming concept is through an illustrative example. Suppose you 
have just moved into a new house and you want to know the best 
route home from the office. YOLI intuitively realize that you 
will be driving your car thru a limited number of paved streets 
connecting your office and your new home. You look at a city 
map and you chart all the possible ATTRACTIVE ROUTES oonnecting 
your office with your new home, and you record the distances 
in miles as shown in Figure 2-1. You then decide you want to 
take the shortest possible route. 

F 

0 

Going H o m e  
Fiaure 2-1 

(not to scale) 

*If the reader is familiar with the concept of Dynamic Pro- 
gramming, he may skip this section. 
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This  i s  t h e n  a mul t i - s t age  d e c i s i o n  p r o c e s s .  You know where 
you a re ,  t h a t  i s  a t  0 ( o f f i c e )  i n  F i g u r e  2-1. You have 
dec ided  on your  o b j e c t i v e  o r  g o a l ,  t h a t  i s ,  t o  g e t  t o  H (your  
new home) i n  F i g u r e  2-1. You have e s t a b l i s h e d  your  c o n s t r a i n t s  
most o f  which are i n t u i t i v e l y  obvious.  
a long  t h e  l i n e s  ( t h e  s t r e e t s )  connec t ing  your  o f f i c e  and your  
house and you must always move t o  t h e  r i g h t  t o  g e t  from your  
o f f i c e  t o  home. 
c r i t e r i o n ,  t h a t  i s ,  you want t o  choose t h e  s h o r t e s t  d i s t a n c e  
r o u t e .  

F i r s t  you must move 

You a l s o  have dec ided  on your  e v a l u a t i n g  

The only  t h i n g  t h a t  remains i s  t o  enumerate and 
e v a l u a t e  a l l  t h e  a l t e r n a t i v e  p a t h s  t h a t  s a t i s f y  t h e  con- 
s t r a i n t s ,  and a c h i e v e  your  o b j e c t i v e .  
d i s t a n c e  c r i t e r i o n ,  you can choose t h e  o p t i m a l  p a t h  and 
your  problem i s  so lved!  

Using t h e  s h o r t e s t  

2 . 1  F inding  t h e  Optimal Pa th  

One p o s s i b l e  way of f i n d i n s  t h e  o p t i m a l  Pa th  i s  t o  
s imply enumerate a l l  20  admiss ib l e  p a t h s  t h a t  c o n n i c t  0 w i t h  
H ,  compute t h e  d i s t a n c e  of each and choose t h e  one w i t h  t h e  
smallest  v a l u e  as your  op t ima l  s o l u t i o n .  Th i s  i s  a r e a s o n a b l e  
approach and can  e a s i l y  b e  done f o r  t h i s  problem. For  more 
complex problems, however, t h i s  approach may n o t  be  f e a s i b l e .  
L e t ' s  see i f  w e  can reduce t h e  number o f  necessa ry  c a l c u l a -  
t i o n s  you have t o  make. 

You are a t  0 ( o f f i c e )  i n  F i g u r e  2-1 ,  and you want 
t o  d e c i d e  whether  t o  go t o  v e r t e x  A o r  v e r t e x  B. These are  
t h e  on ly  two p o s s i b l e  ( admiss ib l e )  p a t h s  t h a t  you can t a k e .  
Suppose you knew t h e  va lues  of t h e  s h o r t e s t  d i s t a n c e  p a t h s  
from A t o  H and from B t o  H. 
decide whether  t o  go t o  A or  t o  B. You would add t h e  v a l u e  
of t h e  s h o r t e s t  d i s t a n c e  p a t h  f r o m  A t o  H t o  t h e  d i s t a n c e  from 
0 t o  A. S i m i l a r l y ,  you would add t h e  v a l u e  of t h e  s h o r t e s t  
d i s t a n c e  p a t h  from B t o  H t o  t h e  d i s t a n c e  from 0 t o  B. You 
would t h e n  compare t h e  v a l u e s  of t h e  t w o  sums and choose t h e  
p a t h  t h a t  y i e l d s  t h e  smaller d i s t a n c e .  So it i s  clear t h a t  you 
would have no t r o u b l e  making t h e  f i r s t  d e c i s i o n  and de te rmin ing  
t h e  o v e r a l l  v a l u e  o f  t h e  s h o r t e s t  d i s t a n c e  p a t h  from 0 t o  H i f  
you knew t h e  values of t h e  s h o r t e s t  d i s t a n c e  p a t h s  from b o t h  A 
and B t o  H. Note t h a t  i t  i s  n o t  t h e  o p t i m a l  p a t h ,  b u t  t h e  v a l u e  
o f  t h e  o p t i m a l  p a t h ,  t h a t  i s  t h e  v i t a l  i n fo rma t ion .  

Then i t  i s  e a s y  f o r  you t o  

Of c o u r s e  you d o n ' t  know t h e  v a l u e s  of  t h e  s h o r t e s t  
d i s t a n c e  p a t h s  between A ,  H and B ,  H. I f  you c o n t i n u e  t h e  
same r e a s o n i n g ,  however, you can e a s i l y  f i n d  t h e  s h o r t e s t  
d i s t a n c e  p a t h s  from b o t h  A and B t o  H i f  you knew beforehand 
t h e  v a l u e s  of t h e  best  p a t h s  f r o m  C ,  D and E t o  H .  You would 
c o n t i n u e  t h i s  r eason ing  u n t i l  you need o n l y  t h e  v a l u e s  o f  
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t h e  minimum-value p a t h s  from M and N t o  H i n  o r d e r  t o  ca l cu -  
l a t e  t h e  v a l u e s  of t h e  s h o r t e s t  d i s t a n c e  p a t h s  from J ,  K and 
L t o  H .  But t h e  shortest  d i s t a n c e s  from M t o  H and from N 
t o  H are e a s i l y  found s i n c e  there i s  no f r e e  c h o i c e  a s s o c i a t e d  
w i t h  p i c k i n g  an  admiss ib l e  p a t h  from e i t h e r  o f  t h e s e  v e r t i c e s  
t o  H. For each of  t h e s e  v e r t i c e s ,  t h e  v a l u e  of t h e  b e s t  and 
o n l y  a d m i s s i b l e  p a t h  is  t h e  d i s t a n c e  between t h e  v e r t e x  and 
t h e  t e r m i n a l  p o i n t  H. 

L e t  us  t h e n  p u t  t h e s e  ideas i n t o  p r a c t i c e .  You 
s t a r t  a t  II and t h e n  compute t h e  minimum-path v a l u e  a s s o c i -  
a t e d  w i t h  connec t ing  v e r t e x  M w i t h  H which i s  2 ;  and w i t h  
connec t ing  v e r t e x  N w i t h  H ,  which i s  4 .  You would t h e n  
a s s o c i a t e  t h e  numbers 2 and 4 w i t h  t h e  v e r t i c e s  M and N 
r e s p e c t i v e l y .  You t h e n  would go back one more s t a g e .  A t  
v e r t e x  J ,  you have no cho ice  and must go t o  v e r t e x  M. You 
add t h e  number a s s o c i a t e d  w i t h  v e r t e x  M which i s  2 t o  t h e  
d i s t a n c e  from J t o  M which i s  5 and you a s s o c i a t e  t h e  number 
7 w i t h  v e r t e x  J. A t  v e r t e x  K ,  you add t h e  number a s s o c i a t e d  
w i t h  N which i s  4 t o  t h e  d i s t a n c e  between K and M which i s  
5 t o  o b t a i n  9 .  S i n c e  5 is  less t h a n  9 ,  you a s s o c i a t e  t h e  
v a l u e  5 w i t h  v e r t e x  K. For v e r t e x  L ,  t h e r e  i s  on ly  one ad- 
m i s s i b l e  p a t h  L t o  N and t h e  v a l u e  a s s o c i a t e d  w i t h  v e r t e x  
L would t h e n  be  13. You c o n t i n u e  t h i s  procedure  u n t i l  you 
r e a c h  your  i n i t i a l  p o s i t i o n ,  t h a t  i s  v e r t e x  0. The r e s u l t s  
are shown i n  F i g u r e  2-2 where t h e  v a l u e  o f  t h e  s h o r t e s t  
d i s t a n c e  p a t h  from each  v e r t e x  t o  H i s  recorded .  

A l l  t h e  r e q u i r e d  i n f o r m a t i o n  t o  s o l v e  your  problem 
i s  now avai lable .  You aga in  would s t a r t  a t  0 ( o f f i c e )  and 
a sk  t h e  q u e s t i o n  whe the r  t o  go t o  A o r  t o  B. Th i s  i s  now 
easy  t o  answer s i n c e  you know t h e  v a l u e  of  t h e  s h o r t e s t  
d i s t a n c e  p a t h s  from A and B t o  H. Because 11 p l u s  3 i s  less 
t h a n  1 3  p l u s  2 you should  proceed  t o  B. Likewise from ver- 
t e x  L3 you proceed  t o  D ,  G ,  K ,  M and f i n a l l y  H as shown i n  
t h e  f i g u r e .  Note t h a t  you cou ld  have avoided making a d e c i -  
s i o n  as t o  which leg  t o  proceed a long  a t  eve ry  v e r t e x  i f  you 
would have r eco rded  t h e  d i r e c t i o n  which i n i t i a t e s  t h e  s h o r t e s t  
d i s t a n c e  p a t h  from t h a t  v e r t e x  t o  H when you computed i t s  
o p t i m a l  v a l u e  on t h e  backward sweep. The d i r e c t i o n s  are  
denoted  by arrows i n  F igu re  2 - 3 .  
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Going H o m e  
F i g u r e  2-3 

H 
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Your problem i s  t h u s  solved.  You s tar t  a t  0 (your  o f f i c e )  
and you f o l l o w  t h e  arrows, t h a t  i s ,  0 t o  B ,  B t o  D ,  D t o  G ,  
G t o  K ,  K t o  M and M t o  H. You, t h e r e f o r e ,  found t h e  mini- 
mum d i s t a n c e  r o u t e  and i t s  v a l u e  between your  o f f i c e  and 
your  new home. I f  you look c l o s e l y  a t  F i g u r e  2 - 3 ,  you w i l l  
f i n d  t h a t  you have much more i n f o r m a t i o n  a v a i l a b l e  t o  you 
t h a n  you have r eques t ed .  
problem you want t o  s o l v e ,  t h a t  i s ,  t h e  s h o r t e s t  d i s t a n c e  
r o u t e  between 0 and H ,  b u t  you have so lved  a l l  t h e  s h o r t e s t  

2-3  and t e r m i n a t i n g  a t  v e r t e x  H! 
s i n g l e  problem i n t o  a c l a s s  of problems and found t h e  s o l u -  
t i o n  t o  t h e  class of problems. 

You have n o t  on ly  s o l v e d  t h e  

d i s t a n c e  r o u t e  problems s t a r t i n g  a t  any v e r t e x  - i n  F i g u r e  
You have imbedded your  

This  e x t r a  in format ion  might  prove q u i t e  u s e f u l  
t o  you. T o  i l l u s t r a t e  t h i s  f a c t ,  suppose one day you fo l lowed 
t h e  minimum d i s t a n c e  path from 0 t o  B. 
found t h a t  t h e  s t ree t  from B t o  D ,  which i s  a long  your  
minimum p a t h ,  i s  blocked because of c o n s t m c t i o n  and you a re  
forced t o  proceed t o  i n t e r s e c t i o n  E. You are now f a c e d  w i t h  
t he  problem o f  f i n d i n g  t h e  s h o r t e s t  d i s t a n c e  p a t h  from E 
t o  H .  
t o  H o n l y ,  you w i l l  need t o  compute t h e  s h o r t e s t  d i s t a n c e  
r o u t e  from E t o  H a l s o .  
you w i l l  see t h a t  you a l r eady  know t h e  answer t o  your  problem, 
t h a t  i s ,  you fo l low t h e  arrows from E t o  H. I n  f a c t ,  no 
mat ter  what i n t e r s e c t i o n  p o i n t  you - f i n d  y o u r s e l f  a t  i n  t h e  
f i g u r e ,  you c a n - e a s i l y  f i n d  t h e  s h o r t e s t  d i s t a n c e p a t h  from 
t h a t  p o i n t  t o  your  new home. 

A t  B, however, you 

I f  you had c h a r t e d  t h e  minimum d i s t a n c e  p a t h  from 0 

However, i f  you look a t  F i g u r e  2 - 3 ,  

Of cour se  t h e  dynamic programming procedure  could  
have been r e v e r s e d ,  t h a t  i s ,  you have been a t  your  new home 
( H )  and wanted t o  g e t  t o  your  o f f i c e  us ing  t h e  s h o r t e s t  d i s -  
t a n c e  r o u t e .  
f i n a l  p o i n t  0. 

Your i n i t i a l  p o i n t  now becomes H and your  
The procedure i s  e x a c t l y  t h e  same. 

2 . 2  E f f i c i e n c y  of Dynamic Programming 

To e v a l u a t e  t h e  e f f i c i e n c y  of  t h e  Dynamic Program- 
ming procedure ,  w e  can compare it w i t h  t h e  direct  enumerat ion 
method. For t h e  dynamic programming approach, a t  each of t h e  
n i n e  v e r t i c e s  where t h e r e  w a s  a rea l  cho ice ,  two a d d i t i o n s  
and one comparison w e r e  performed and a t  s i x  o t h e r  v e r t i c e s ,  
one a d d i t i o n  w a s  performed. 
20  admissible p a t h s  would have had t o  been enumerated, which 
would have invo lved  f i v e  a d d i t i o n s  p e r  p a t h ,  y i e l d i n g  1 0 0  
a d d i t i o n s ,  and a comparison of 20 r e s u l t s .  

For t h e  d i r e c t  e v a l u a t i o n  approach, 

- 
- 
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The g e n e r a l  formulas f o r  t h e  n-s tage  case f o r  t h i s  
c l a s s  of problems ( n  = 6 l e g s  i n  o u r  example) b e t t e r  i l l u s -  
t r a t e  t h e  computat ional  sav ings .  

a lgo r i thm invo lves  - + n a d d i t i o n s ,  w h i l e  t h e  d i r e c t  enumera- 
t i o n  g e n e r a t e s  

The dynamic programming 
2 n 

2 

(n-1) n! 
1 1 (211) ! (Tn) ! 

a d d i t i o n s .  For n=20, dynamic programming r e q u i r e s  an e a s i l y  
manageable 220  a d d i t i o n s ,  wh i l e  enumeration would r e q u i r e  
n o r e  t h a n  1 , 0 0 0 , 0 0 0  a d d i t i 0 n s . l  

T h i s  i s  n o t  r e a l l y  a good comparison s i n c e  t h e  
dynamic programming a lgo r i thm s o l v e s  a complete c lass  of 
problems and provides  much more u s e f u l  i n fo rma t ion  than  
t h e  enumeration technique  which only  s o l v e s  one problem 
wi th  g iven  s t a r t i n g  and ending p o i n t s .  
s t a r t i n g  p o i n t ,  t h e  enumeration procedure must be r epea ted .  

For any o the r  

2.3 The S ta t e  Space Formulation 

I n  t h e  above example w e  have i n t u i t i v e l y  in t roduced  
s e v e r a l  impor tan t  concepts .  These concepts  can be de f ined  
as fo l lows :  ( t h e  r e l a t i o n s h i p  of t h e s e  concepts  t o  t h e  
ear l ie r  example w i l l  be made s h o r t l y )  

S t a t e  - A s t a t e  i s  t h e  set  of v a r i a b l e s  whose va lues  
d e s c r i b e  t h e  p a r t i c u l a r  c o n d i t i o n  of t h e  p h y s i c a l  
p rocess  t h a t  i s  be ing  modeled. It i s  i d e n t i f i e d  
by a s i n g l e  number i n  some c a s e s  and by a se t  of  
numbers o r  a v e c t o r  i n  o t h e r s .  ( I n  t h e  example, 
t h e  s t a t e  elements are t h e  v e r t i c e s  i n  t h e  f i g u r e . )  

S t age  - A s t a g e  i s  t h e  p o s i t i o n  i n  t h e  sequence of 
t h e  p a r t i c u l a r  d e c i s i o n  p rocess  be ing  cons idered .  
I t  i s  i d e n t i f i e d  by a s i n g l e  number. 

Con t ro l  - A c o n t r o l  i s  t h e  s e t  of d e c i s i o n  v a r i a b l e s  
t h a t  are under t h e  c o n t r o l  of t h e  i n v e s t i g a t o r .  
I t  i s  i d e n t i f i e d  by a s i n g l e  number i n  some cases 
and by a s e t  of numbers o r  a v e c t o r  i n  o t h e r s .  
I n  o u r  example, it i s  t h e  d i r e c t i o n  w e  choose t o  
proceed. 
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Sta te  R e l a t i o n s  - T h e s e  a r e  a s e t  of r e l a t i o n s  t h a t  
mathemat ica l ly  d e s c r i b e  t h e  outcome of a d e c i s i o n .  
They are usua l ly  a set  of d i f f e r e n c e  or  d i f f e r e n -  
t i a l  equa t ions .  There  are t h e  same number of these  
r e l a t i o n s  as t h e r e  a r e  s t a t e  v a r i a b l e s .  

Cost  C r i t e r i o n  - T h i s  i s  t h e  e v a l u a t i n g  c r i t e r i o n  t h a t  
w i l l  de te rmine  t h e  s p e c i f i c  cho ice  of c o n t r o l  o r  
d e c i s i o n  v a r i a b l e s .  I t  m u s t  be a scaler and i s  
i d e n t i f i e d  by a s i n g l e  number. 

C o n s t r a i n t s  - These a r e  t h e  l i m i t a t i o n s  on our  a c t i o n s  
or  o u r  cho ice  of c o n t r o l  v a r i a b l e s .  T h e r e  are 
d i f f e r e n t  t ypes  of  c o n s t r a i n t s  a s  fo l lows:  

S t a t e  - R e s t r i c t i o n s  on t h e  admissible s t a t e s .  

Con t ro l  - R e s t r i c t i o n s  on t h e  a l lowable  c o n t r o l s  
o r  dec i s ions .  

Mixed - R e s t r i c t i o n s  on t h e  s e l e c t i o n  of bo th  
s t a t e s  and c o n t r o l s .  

Cos t  Funct ion  - L i m i t a t i o n s  on t h e  a l lowab le  costs. 

A l l  of these c o n s t r a i n t s  can be expressed  i n  t e r m s  
o f  equa t ions  and/or i n e q u a l i t i e s .  

Using t h i s  format,  a d e c i s i o n  process  beg ins  by 
f i r s t  choosing t h e  s t a t e ,  s t a g e  and c o n t r o l  v a r i a b l e  ( s )  ; 
t h e  i n i t i a l  v a l u e  (where you a r e ) ;  t h e  f i n a l  s t a t e  v a l u e  
or s t a g e  va lue ;  t h e  s t a t e  r e l a t ions ;  t h e  c o s t  c r i t e r i o n ;  
t h e  c o n s t r a i n t s ,  and f i n a l l y  f i n d i n g  t h e  op t imiz ing  se- 
quence of c o n t r o l s  o r  d e c i s i o n  v a r i a b l e s .  T h e  best  way 
t o  unders tand  t h i s  procedure i s  t o  fo l low an example. 
L e t  us see i f  w e  can p u t t h e  p rev ious  example i n  t h i s  f o r -  
mat. 

L e t  X be t h e  s t a t e  v a r i a b l e ,  J t h e  s t a g e  v a r i a b l e ,  
and U t h e  c o n t r o l  v a r i a b l e .  F igu re  2-3 can then  be p u t  i n  
t h e  form of  F i g u r e  2-4 where a c o o r d i n a t e  system i s  now i n -  
t roduced.  N o t e  t h a t  t h e  r e v e r s e  problem i s  used ,  i . e . ,  
"going t o  t h e  o f f i c e "  i n s t e a d  of "going home". The cost 
f u n c t i o n  ( c r i t e r i o n )  can be  p u t  i n  t ab le  form and depends 
on J ,  X and U .  The v e r t i c e s  o r  i n t e r s e c t i o n s  can now be 
i d e n t i f i e d  by t h e  coord ina te s ,  i . e . ,  v e r t e x  C i s  t h e  same 
as v e r t e x  ( 2 , 2 )  and l ikewise  v e r t e x  M i s  (5,l). W e  chose 
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t h e  s t a g e  v a r i a b l e  J to  co inc ide  w i t h  t h e  a b c i s s a  so t h a t  
only one s t a t e  v a r i a b l e  is needed. Note t h a t  J c o n t a i n s  
in fo rma t ion  d e s c r i b i n g  t h e  d e c i s i o n  p o s i t i o n  i n  t h e  se- 
quence as w e l l  a s  t h e  l o c a t i o n .  This  may n o t  always be 
p o s s i b l e  and i s  done he re  f o r  i l l u s t r a t i v e  purposes .  

I 

. ___- 
7 J 

Going t o  t h e  O f f i c e  
F i a u r e  2-4 
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The cost f u n c t i o n ,  t h e r e f o r e ,  i s  i n  t h e  fo l lowing  form: 

J = 0+6 

u = t l  
P (J,X,U! = s c a l a r  where X = -3++3 

For  example, 

That i s ,  when you a r e  a t  i n t e r s e c t i o n  ( 3 , - 1 )  o r  Q i n  t h e  
f i g u r e  and you apply a c o n t r o l  +1 ( t o  go t o  K ) ,  t h i s  de- 
c i s i o n  w i l l  c o s t  you 5 m i l e s .  L i k e w i s e ,  

P ( 5 , 1 , - 1 )  = 2. 

The s t a t e  equa t ion  i n  t h i s  case i s  simply t h e  a d d i t i o n  of 
t h e  p r e s e n t  s t a t e  and t h e  c o n t r o l  t o  o b t a i n  t h e  new s t a t e ,  
i . e . ,  

X ( J + l )  = X ( J )  + U ( J )  

The s t a t e  c o n s t r a i n t s  are t h e  l i m i t a t i o n s  on t h e  
s t a t e  v a r i a b l e  X ,  i . e . ,  X must l i e  w i t h i n  t h e  boundar ies  
you have chosen. A l g e b r a i c a l l y ,  t h e s e  can  be expressed  a s  
fo l lows :  

S ta te  Cons t ra ings  

J - 6 < X < - J + G f o r  3 < J < 6  - - - 
The c o n t r o l  c o n s t r a i n t  i s  t h e  l i m i t a t i o n  on your 

possible d e c i s i o n s .  F o r  t h i s  example: 

Con t ro l  C o n s t r a i n t  

N o t e  t h a t  t h i s  cho ice  of  c o n t r o l  f o r c e s  us  t o  s t a y  on t h e  
l i n e s  i n  t h e  f i g u r e .  There are no mixed o r  c o s t  f u n c t i o n  
c o n s t r a i n t s  i n  t h i s  example. 

The s t a r t i n g  p o i n t  i s  s p e c i f i e d  as 

I n i t i a l  Condi t ions  

J = O  

x = o  
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The f i n a l  p o i n t  i s  s p e c i f i e d  a s :  

F i n a l  Condi t ions  

J =  6 

x = o  
The problem i s  then  t o  e f f e c t  t h e  t r a n s f o r m a t i o n  (0,O) + (6,O) 
w i t h  t h e  c o n t r o l  sequence which w i l l  s a t i s f y  t h e  c o n s t r a i n t s  
and y i e l d  t h e  s h o r t e s t  d i s t a n c e .  

2 . 4  The Dynamic Programming Algorithm 

A s  w a s  shown e a r l i e r ,  t h e  dynamic programming compu- 
t a t i o n  p rocess  begins  by c a l c u l a t i n g  t h e  v a l u e  of t h e  s h o r t e s t  
d i s t a n c e  p a t h  from every f e a s i b l e  i n t e r s e c t i o n  p o i n t  t o  t h e  
t e r m i n a l  p o i n t  s t a r t i n g  a t  t h e  second l a s t  s t a g e  and proceeding 
backward u n t i l  t h e  i n i t i a l  s t a g e  i s  reached.  With every f e a s i -  
b l e  - ( a d m i s s i b l e )  s ta te  ( i n t e r s e c t i o n  p o i n t ) ,  t h e r e f o r e ,  t he re  
corresponds one va lue  of t h e  op t ima l  ( s h o r t e s t  d i s t a n c e )  pa th  
from t h a t  s t a t e  t o  t h e  t e rmina l  s ta te .  These va lues  can be 
i d e n t i  f e d  by a t ab le  which i s  known as t h e  Optimal Va lue  
T a b l e  o r  Funct ion  and i s  denoted by V ( J , X )  e .g .  I 

- 

V ( 2 , 2 )  = 7 

a s  can be  seen  from Figure  2-4 .  Once t h e  Optimal Value 
Funct ion  i s  computed, then a11 t h e  opt imal  p a t h s  w i t h i n  t h e  
f e a s i b l e  r e g i o n  ( s a t i s f y i n g  t h e  c o n s t r a i n t s )  which t e r m i n a t e  
a t  t h e  f i n a l  p o i n t  can e a s i l y  be found,  a s  w a s  demonstrated 
ea r l i e r .  

I f  t h e  r e v e r s e  problem w a s  s o l v e d ,  i . e . ,  you were 
a t  home and wanted t o  f i n d  t h e  s h o r t e s t  d i s t a n c e  pa th  t o  
your o f f i c e ;  t h e n  you would s t a r t  a t  0 and proceed toward H 
i n  c a l c u l a t i n g  t h e  opt imal  v a l u e  f u n c t i o n  V. T h e  op t ima l  
v a l u e s  a t  t h e  i n t e r s e c t i o n s  w i l l  of  course  be d i f f e r e n t  as 
can be seen  by comparing f i g u r e s  2-3 and 2-4 .  Note t h a t  t h e  
op t ima l  s o l u t i o n  i n  both  cases i s  t h e  same, a s  one would 
expec t .  The class of problems so lved  i n  t h i s  case, however, 
are a l l  t h e  f e a s i b l e  s o l u t i o n s  t h a t  t e r m i n a t e  a t  0. O r  
looking  a t  it i n  ano the r  way, a l l  t h e  opt imal  s o l u t i o n s  
s t a r t i n q  a t  0 and terminat ing.  anywhere i n  t h e  f e a s i b l e  re- 
g ion .  This  second procedure i s  used i n  t h e  fo l lowing  
a lgor i thm:  
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Forward Sweep 

1. D e f i n i t i o n s : *  

X - an n dimensional  v e c t o r  
u - an  m d i m e n s i o n a l  v e c t o r ,  m < n 
J - s t a g e  o r  t i m e  counter  
P - a s c a l a r  func t ion  (or  t a b l e )  of X and u 
V - a s c a l a r  func t ion  (or  t a b l e )  of X and u 

- 

2. L e t  J = 0,  X ( J )  = X o r  a s p e c i f i e d  i n i t i a l  v e c t o r  and 
v = 0.  

3 .  Search a l l  p o s s i b l e  permuta t ions  of u. 
4. T e s t  each permutat ion.  If a d m i s s i b l e ,  c o n t i n u e ,  i f  n o t  

go t o  nex t  permutat ion.  

5. Fo r  every admissible U c a l c u l a t e  P = P(X,U) . 
6 .  T e s t  P.  I f  admiss ib le  con t inue ,  o the rwise  go t o  t h e  

nex t  permuta t ion .  

7.  For  every  admiss ib l e  U, f i n d  a l l  admiss ib l e  X ( J + l ) ' s  
f r o m  X ( J + l )  = X ( J )  + U(J). 

8 .  A t  J+1, X ( J + l )  c a l c u l a t e  V = V [ J ,  X ( J ) ]  + P. 

9 .  Compare V !with t h e  p rev ious ly  s t o r e d  v a l u e  of V a t  J+1, 
X ( J + l ) ,  and save  t h e  s m a l l e r  of t h e  two as V [ J + 1 ,  
X ( J + 1 )  ] ; a l so  save  t h e  corresponding v e c t o r  U. 

1 0 .  G o  t o  t h e  nex t  stage; i . e . ,  l e t  J = J+1. 

11. Repeat t h e  procedure from s t e p  3 through 1 0  f o r  each 
r eachab le  p o i n t  X de f ined  i n  7 .  

1 2 .  A t  t h e  f i n a l  s t a g e  (J), p r i n t  J r  X and V ( J ; X )  f o r  a l l  
r eachab le  v a l u e s  of X .  

The forward sweep de termines  t h e  Optimal Value 
Funct ion  ( J , X ) ,  i . e . ,  t he  op t ima l  v a l u e  t a b l e  i n  o u r  pre-  
v i o u s  example. This  t a b l e  c o n t a i n s  t h e  op t ima l  s o l u t i o n s  

*See S e c t i o n  2 . 3  for a complete d e f i n i t i o n  of  t h e s e  q u a n t i t i e s .  
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f o r  t h e  problems wi th  t h e  S a m  i n i t i a l  p o i n t  and c o n s t r a i n t s  
and va ry ing  f i n a l  cond i t ions .  To o b t a i n  a p a r t i c u l a r  so lu -  
t i o n ,  t h e  fo l lowing  ''backward sweep" i s  performed: 

Backward Sweep 

1. A t  J = Jfinal l e t  X = X F  a s p e c i f i e d  v e c t o r .  

2 .  P r i n t  J ,  X ,  U and V w h e r e  U and V had been s t o r e d .  

3. L e t  X = X-U 

4 .  L e t  J = J-1 

5. G o  back t o  2 and r e p e a t  u n t i l  t h e  f i r s t  s t a g e  i s  reached.  

X and U were g e n e r a l i z e d  t o  i n c l u d e  n and m number of v a r i -  
ables r e s p e c t i v e l y .  A flow c h a r t  of t h i s  a lgo r i thm can be 
found i n  Reference 2 .  

S e v e r a l  important  c h a r a c t e r i s t i c s  of t h i s  a lgo r i thm 
should  b e  noted. The Optimal Value Funct ion (Table)  has  t o  
be s t o r e d  as i t  i s  genera ted  2nd must i n c l u d e  every f e a s i b l e  
s t a t e  p o i n t .  The number of s t a t e  p o i n t s  i n c r e a s e s  g e o m e t r i c a l l y  
w i t h  t h e  number of  s t a t e  v a r i a b l e s  (dimensions) .  For t h e  s imple  
example p re sen ted  earlier,  t h e r e  w e r e  1 6  f e a s i b l e  s t a t e  p o i n t s  
f o r  one v a r i a b l e  x; f o r  t w o  and t h r e e  v a r i a b l e s  t h e r e  would have 
been 64 and 256 p o i n t s  r e s p e c t i v e l y .  If w e  l e t  a denote  t h e  
number of l e v e l s  each s t a t e  v a r i a b l e  i s  allowed t o  t a k e ,  n t h e  
number of  s t a t e  v a r i a b l e s ,  and J t h e  number of s t a g e s ,  t h e n  
t h e  nurn5er of p o s s i b l e  s t a t e  p o i n t s  ~a70uld b e a n J .  
a=lO and J=20, which is  a r easonab le  s i z e  problem, t h e  number 
of  s t a t e  p o i n t s  would be 2 x l o l l ,  obvious ly  a much l a r g e r  
number t h a n  any p r e s e n t  day computer can s t o r e .  Dimens iona l i ty ,  
t h e r e f o r e ,  i s  t h e  b a s i c  problem i n  dynamic programming a p p l i c a -  

For n=10, 

t i o n s .  - - -  
I n  observ ing  a human be ing  execu te  a d e c i s i o n ,  it 

i s  s e e n  t h a t  a r e l a t i v e l y  s m a l l  number of r easonab le  a l t e r n a -  
t i v e s  a r e  cons ide red ,  a l though a l a r g e  number of p o s s i b l e  
a l t e r n a t i v e s  e x i s t .  The same concept  can  be used he re .  I n  
o r d e r  t o  s o l v e  a f a i r l y  complex problem us ing  dynamic pro- 
gramming, t h e  v a r i o u s  c o n s t r a i n t s  must be formulated so t h a t  
o n l y  r easonab le  a l t e r n a t i v e s  are cons idered  by t h e  program. 
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One impor t an t  c h a r a c t e r i s t i c  of  t h i s  a l g o r i t h m  i s  
t h e  f a c t  t h a t  computation o f  t h e  o p t i m a l  v a l u e  f u n c t i o n  i s  
s t a r t ed  a t  t h e  i n i t i a l  s t a t e  which is  u s u a l l y  known and i s  
propagated  forward always w i t h i n  t h e  f e a s i b l e  r e g i o n .  

Another t a c i t  assumption t h a t  w a s  made i n  develop- 
i n g  t h e  dynamic programming a l g o r i t h m  i s  t h a t  t h e  c o s t  
c r i t e r i o n  f u n c t i o n  a t  a p a r t i c u l a r  s t a g e  depends o n l y  on 
t h e  s ta te  and c o n t r o l  of  t h a t  s t a g e .  I t  i s  n o t  a f f e c t e d  by 
i n f o r m a t i o n  of  p r e v i o u s  o r  f u t u r e  s t a g e s .  

I n  t h e  fo l lowing  s e c t i o n  t h e  computer program 
implementing t h i s  a l g o r i t h m  i s  described. I n  S e c t i o n  4 
a r ea l i s t i c  a p p l i c a t i o n  is  p r e s e n t e d  i l l u s t r a t i n g  t h e  
use  of t h e  program and demonst ra t ing  t h e  f e a s i b i l i t y  of  
t h i s  approach. 

3. 0 Computer Program G e s c r i p t i o n  

A computer program, GPALG, has been w r i t t e n  which 
implements t h e  p rev ious ly  d e s c r i b e d  a lgo r i thm.  The imple- 
menta t ion  p rov ides  a c a p a b i l i t y  f o r  t h e  u s e r  t o  p a r t i c u l a r i z e  
t h e  program t o  h i s  problem. The u s e r  p rov ides  t h e  c o n s t r a i n t s  
and f u n c t i o n s  which d e f i n e  h i s  problem v i a  FORTRAN s t a t m e n t s  
i n  a PDP element .  Upon compi l a t ion ,  ske l e t a l  subprograms on 
t h e  F a s t r a n d  f i l e  are expanded t o  i n c l u d e  t h e  FORTRAN s ta te-  
ments i n  t h e  PDP element.  A f t e r  d e f i n i n g  t h e  class of  problem 
u s i n g  t h e  PDP e lement ,  t h e  program a c c e p t s  i n p u t s  f o r  a s p e c i f i c  
e x e c u t i o n  v i a  two NAMELISTS. I n  g e n e r a l ,  t h e  u s e r  must do t h e  
fo l lowing  s t e p s  t o  run  t h e  program: 

1. 

2. 

3 .  

Assign  h i s  own F a s t r a n d  program f i l e  ( p r e v i o u s l y  
ca t a logued)  . 
@ASG, AX USER*USERFILE. 

Copy t h e  symbolics and re locatables  of t h e  program 
from f i l e  GPDALG*GPDFIL. 

@COPY, S R  GPDALG*GPDFIL.,USER*USERFILE. 

E n t e r  h i s  own problem d e f i n i t i o n  v i a  a PDP element .  

@PDP , FLIX USER*USERFILE.ELEM,.ELEM 
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4. 

5. 

6. 

Recompile o n t o  h i s  f i l e  t h e  symbol ic  e l emen t s  w i t h  
names NEXTST, COST, COSLIM, COMCOS, CONSTR, FINVEC. 
Ex : 

@FOR, S USER*USERFILE.COST,.COST 

Pack and p r e p  h i s  f i l e :  

@PACK USER*USERFILE. 

@PREP USER*USERFILE. 

Map t o  create an a b s o l u t e  e l e m e n t  f o r  execut ion .  

@MAP, I S  USER*USERMAP,.USERMAP 

L I B  USER*USERFIL&. 

I N  USER*USERFILE.GPALG 

The above s t e p s  serve t o  t r a n s f e r  t h e  g e n e r a l  program t o  t h e  
u s e r  and d e f i n e  h i s  s p e c i f i c  a p p l i c a t i o n .  If t h e  problem 
d e f i n i t i o n ,  as s p e c i f i e d  by t h e  PDP e lemen t ,  i s  s a t i s f a c t o r y ,  
t h e s e  o p e r a t i o n s  a r e  done o n l y  once and t h e  program i s  now 
ready  f o r  execut ion .  I n p u t  f o r  program execution must  a lso 
be p r o v i d e d  and i s  d e s c r i b e d  i n  t h e  s ec t ion  "Problem I n p u t " .  
A complete  l i s t i n g  o f  t h e  program i s  given i n  t h e  Appendix,  
and is  available on F a s t r a n d  F i l e  GPDALG*GPDFIL. 

3.1 The PDP E l e m e n t  

For  i n i t i a l  problem d e f i n i t i o n ,  a PDP e l e m e n t  (see 
subsection 4.3 fo r  example) w i t h  var ious  e n t r y  p o i n t s  mus t  be 
provided by the.. u s e r . 3  
c o r r e s p o n d i n g  E N D ,  t h e  user mus t  p r o v i d e  FORTRAN s t a t emen t s  
which e i t h e r  d e f i n e  a func t ion  ( l i k e  t h e  "next  s t a t e "  f u n c t i o n )  
or d e f i n e  and t e s t  c o n s t r a i n t s  ( l i k e  the ' 'state" c o n s t r a i n t s ) .  
The s p e c i f i c  FORTRAN s t a t e m e n t s  p rov ided  depend on t h e  f u n c t i o n  
of t h a t  e n t r y  po in t .  
f u n c t i o n  and FORTRAN va r i ab le s  t o  t h e  use r  i n  h i s  FORTRAN 
statements .  

Between each  e n t r y  p o i n t  name and i t s  

T a b l e  3-1 shows e n t r y  p o i n t  names, 
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Name 

NEWST 

COSTF 

TCOST 

VC3NST 

SCONST 

CCONST 

BCONST 

COSTCN 

FINCNS 

Function Variables Available 
I 

next state function CS,CP,ST,NX,NC,JTIME,XIN 

penalty or cost func- 

total cost or value 

tion CS,CP,NX,CC,JTIME,XIN,P 

function CS,CP,ST,P,V,VV,JTIME,XIN 

total cost constraints CS,CP,ST,P,V,W,JTIME,XIN 

state constraints CS,CP,NX,NC,JTIME,XIN 

control constraints CS,CP,NX,NC,JTIME,XIN 

mixed (state & con- 
trol Constraints) CS,CP,NX,NC,JTIME,XIN 

P penalty constraints 

final constraints CS,JTIME,NX,XIN 

Table 3-1 
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Table  3-2 d e f i n e s  t h e  var iables  shown on t h e  r i g h t  i n  
T a b l e  3-1. 

N a m e  

cs 

C P  

N X  

NC 

ST 

? 

v 

vv 

Type D e f i n i t i o n  

I n t  ( I n t e g e r )  c u r r e n t  s t a t e  v e c t o r  

I n t  c u r r e n t  c o n t r o l  v e c t o r  

I n t  number o f  e lements  i n  C S , X I N ,  
and ST 

I n t  number of e lements  i n  C P  

I n t  new s t a t e  v e c t o r  ( g e n e r a t e d  by 
C S  and C P )  

R e a l  p e n a l t y  cost. f u n c t i o n  

R e a l  

R e a l  

JTIME I n t  

X I N  I n t  

C u r r e n t  accumulated op t ima l  
v a l u e  f u n c t i o n  

t o t a l  accumulated op t ima l  v a l u e  
f u n c t i o n  i n c l u d i n g  going from 
CS t o  ST (vv=v+p) 

c u r r e n t  t i m e  o r  s t a g e  

i n i t i a l  s t a t e  v e c t o r  

Table 3-2 
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R e f e r r i n g  t o  Tab le  3-1 

I n  e n t r y  p o i n t  NEWST t h e  n e x t  s t a t e  v e c t o r  compu- 
t e d  mus t  b e  p l a c e d  i n  variable ST. 

I n  e n t r y  p o i n t  COSTF, t h e  p e n a l t y  o r  cos t  s h o u l d  
b e  p l a c e d  i n  v a r i a b l e  P. 

I n  e n t r y  p o i n t  TCOST, t h e  t o t a l  accumulated cost  
s h o u l d  b e  p l a c e d  i n  v a r i a b l e  W. 

For  e n t r y  p o i n t s  VCONST-FINCNS where c o n s t r a i n t s  
are b e i n g  t e s t e d ,  the-FORTRAN I F  s t a t e m e n t s  must  have  a GO 
TO 1 0 0 0  i f  a c o n s t r a i n t  is n o t  s a t i s f i e d .  - 
3 . 2  Changing t h e  Problem D e f i n i t i o n  

I f  a f t e r  t h e  problem i s  d e f i n e d ,  t h e  u s e r  wishes  
t o  modify t h a t  d e f i n i t i o n  by changing one o r  more FORTRAN 
s t a t e m e n t s  i n  t h e  PDP e l emen t ,  some s u b r o u t i n e s  w i l l  need 
t o  b e  recompi led .  T a b l e  3-3 shows which s u b r o u t i n e  is  re- 
compiled i f  s t a t emen t ( s )  i n  an e n t r y  p o i n t  are changed: 

ENTRY 
=PO I NT SUBROUTINE. 

NEWST NEXTST 
COSTF COST 
COSTCN COSLIM 
TCOST or VCONST COMCOS 

CONST, o r  
BCONST CONSTR 
FINCNS FINVEC 

. SCONST 

Table  3-3 

Each t i m e  t h a t  a r e c o m p i l a t i o n  i s  done,  t h e  EXEC 8 
FurPur  o p e r a t i o n s  o f  PACK, PREP and MAP must  a l so  b e  done 
so as t o  create a new a b s o l u t e  e l e m e n t  of t h e  program f o r  
execut ion (see S e c t i o n  3 . 0 ) .  

When t h e  u se r  i s  s a t i s f i e d  w i t h  t h e  problem d e f i -  
n i t i o n ,  t h e  program is ready t o  b e  executed .  

3.3 Problem I n p u t  and Output 

For  a s p e c i f i c  runn ing  of t h e  program, i n p u t  and 
o u t p u t  are c o n t r o l l e d  v i a  two FORTRAN namel i s t s  (CONDAT 
and PRTDAT). Most of t h e  v a r i a b l e s  i n  n a m e l i s t  CONDAT are 
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f o r  problem d e f i n i t i o n .  V a r i a b l e  IgUT c o n t r o l s  program 
t e r m i n a t i o n  and o u t p u t .  The r e s u l t  of e x e c u t i o n  o f  t h e  
program i s  an  a r r a y  of f e a s i b l e  s ta tes  and t h e  a s s o c i a t e d  
accumulated cost  of a e t t i n a  from t h e  i n i t i a l  s t a t e  t o  
t h o s e  s t a t e s .  The u s e r  may s p e c i f y  one o f  t w o  t y p e s  o f  ter-  
mina l  c o n d i t i o n s .  The f i rs t  i s  t o  s p e c i f y  a f i n a l  s t a g e  num- 
b e r  so  t h a t  t h e  programs r u n s  through n s t a g e s  where n is  t h e  
d i f f e r e n c e  between t h e  f i n a l  and i n i t i a l  number of s t a g e s  p l u s  
one. The second i s  t o  s p e c i f y  a f i n a l  se t  of c o n s t r a i n t s .  I n  
t h i s  case t h e  program w i l l  move from s t a g e  t o  s t a g e  u n t i l  t h e  
f i n a l  c o n s t r a i n t s  are s a t i s f i e d .  The feas ib le  s t a t e  v e c t o r s  
o c c u r r i n g  a t  t h i s  f i n a l  s t a g e  are t h e n  t h e  o u t p u t  o f  t h e  pro-  
gram and a l l  feas ib le  s t a t e s  a t  eve ry  s t a g e  are s t o r e d  on a 
f i l e  i f  t h e  u s e r  d e s i r e s .  Associated w i t h  each f e a s i b l e  f i n a l  
s ta te  i s  a s ta te  number which i s  used  f o r  i d e n t i f y i n g  t h e  
f i n a l  s t a t e  f o r  which t h e  backward problem i s  t o  be worked. 
By backchain ing  (backward sweep) i s  meant t h e  p r o c e s s  of t r a c k -  
i n g  f r o m  a s p e c i f i c  f i n a l  s t a t e  t o  t h e  i n i t i a l  s ta te .  The 
p a t h  provided  by t h e  program is  o p t i m a l  ( l e a s t  c o s t ) .  The 
f e a s i b l e  f i n a l  s t a t e s  t o  be used i n  backchain ing  are s p e c i f i e d  
i n  n a m e l i s t  PRTDAT. 

1. NAMELiST/CONDAT/ 

N a m e  - Type/array S i z e  

J I N  I n t  

X I N  I n t / 2 0  

V I N I T  R e a l  

NX I n t  

NCONTR I n t  

U I n t / 2 0 x l l  

MAX J 

I D  

I n t  

Alphabet ic  

D e f i n i t i o n  

i n i t i a l  s t a g e  

i n i t i a l  s t a t e  v e c t o r  

i n i t i a l  c o s t  

# o f  components i n  
s t a t e  v e c t o r  (520)  - 

# of  components in 
c o n t r o l  v e c t o r  ( 5 2 0 ) .  - 
U ( i , l ) = #  of  v a l u e s  o f  
t h e  c o n t r o l ’ s  i t h  com- 
ponent .  U ( i , j + l ) = j t h  
v a l u e  t h a t  t h e  i t h  com- 
ponent  assumes. 

l a s t  s t a g e  i f  s t a g e  
used as l i m i t  

6 c h a r a c t e r  problem 
i d e n t i f i e r  
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N a m e  Type/array S i z e  

I O U T  I n t  

NAMELIST/PRTDAT/ 
(used  when I O U T  = 2 ,  4 or 5 )  

I D  A lphabe t i c  

X F I N  Int/1000 

N F I N  I n t  

D e f i n i t i o n  

c o n t r o l s  t e r m i n a t i o n  
of  problem 

= 1 MAXJ s p e c i f i e d  
and r e s u l t s  s t o r e d  
on u n i t  1 0 .  Pro- 
gram t e r m i n a t e s .  

= 2 Same as 1 excep t  
n a m e l i s t  PRTDAT re- 
ques t ed  f o r  back- 
c h a i n i n g  b e f o r e  
t e r m i n a t i o n  

= 3 F i n a l  c o n s t r a i n t s  
s p e c i f i e d  and r e s u l t s  
stored on u n i t  1 0 .  
Program t e r m i n a t e s  

= 4 Same as 3 excep t  
namel i s t  PRTDAT re- 
q u e s t e d  fo r  backchain- 
i n g  b e f o r e  t e r m i n a t i o n  

= 5 R e s u l t s  from p rev ious  
execu t ion  e x i s t  on f i l e  1 0 .  
Request PRTDAT f o r  backchain ing  

6 character problem 
i d e n t i f i e r  

Vector  of  s ta te  numbers 
t h e  u s e r  would l i k e  t o  
see backchained (these 
numbers are g iven  as 
p rev ious  o u t p u t )  

Length of X F I N  v e c t o r  
(51000) 

I f  i n  NAMELIST/CONDAT/, IOUT=5 i s  s p e c i f i e d ,  a l l  computation 
i s  bypassed and o n l y  backchaining i s  done. T h e  u s e r  must 
have, therefore,  p r e v i o u s l y  run t h e  program w i t h  I O U T # 5  and 
c a t a l o g u e d  a FASTRAND f i l e  on which t h e  r e s u l t s  were t o  be 
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saved. When t h e  u s e r  w i s h e s  t o  save  r e s u l t s  f o r  l a t e r  u s e ,  
h e  must have t h e  fol lowing c o n t r o l  c a r d s :  

@ASG, A USER*USERDATA. 

@USE lO,USER*USERDATA. 

and aga in  s p e c i f y  t h a t  d a t a  f i l e  as u n i t  1 0  when backchaining 
i s  done. 

3 . 4  Notes on t h e  Implementation 

The a lgo r i thm i s  most u s e f u l  when t h e  number of 
feasible states between t h e  i n i t i a l  s t a g e  and f i n a l  stage i s  
l a r g e .  For  many problems t h i s  number may be a s  l a r g e  as 1 0  
t o  1 5  thousand. Because it i s  n o t  p o s s i b l e  t o  keep i n  main 
core memory a l l  t h e  f e a s i b l e  s ta tes  gene ra t ed  fo r  a problem 
of t h i s  s i z e ,  a paging scheme fo r  keeping f e a s i b l e  s ta tes  on 
a mass s t o r a g e  dev ice  w a s  implemented. The paging scheme i s  
such t h a t  each f e a s i b l e  s t a t e  i s  accessed by r e f e r e n c e  t o  
i t s  page number and r e l a t i v e  p o s i t i o n  w i t h i n  t h e  page. T h i s  
scheme w a s  p o s s i b l e  because t h e  a lgo r i thm only  r e q u i r e s  
direct  access t o  s t a t e s  a t  s t a g e  n f o r  computation of s t a t e s  
a t  s t a g e  n+l .  The f e a s i b l e  states a t  s t a g e  O,. . . ,n-1 can 
thus  be s t o r e d  e x t e r n a l l y  u n t i l  they  are needed for back- 
cha in ing .  The subrou t ine  PROFILE i n  t h e  Appendix implements 
t h i s  paging scheme. Another technique  t o  a l l e v i a t e  t h e  core 
s t o r a g e  problem was a compact r e p r e s e n t a t i o n  of t h e  s ta te  
and c o n t r o l  v e c t o r s  reducing t h e  number of memory words 
needed f o r  these v e c t o r s  by a factor  of 4 .  

3 . 5  L i m i t a t i o n s  of t h e  Proqram 

The s t a t e  and c o n t r o l  v e c t o r s  are l i m i t e d  t o  20  
components each. Each component of  t h e  c o n t r o l  v e c t o r  may 
take on a t  m o s t  1 0  va lues .  The number of f i n a l  s t a t e s  t o  
be backchained ( i n  namel i s t  PRTDAT) i s  l i m i t e d  t o  1 0 0 0 .  
The most impor tan t  l i m i t a t i o n  of t h e  program invo lves  t h e  
number of f e a s i b l e  s ta tes  gene ra t ed  a t  any g iven  s t a g e .  
Because a l l  f e a s i b l e  s t a t e s  a t  a s t a g e  n a r e  necessary  t o  
g e n e r a t e  f e a s i b l e  states a t  s t a g e  n + l ,  both s t a g e s  must b e  
able t o  f i t  i n t o  main memory s imul taneous ly .  The l i m i t i n g  
s i z e  on t h e  number of f e a s i b l e  states a t  t i m e  n and n+l 
is  2500.  I f  w h i l e  gene ra t ing  f e a s i b l e  s ta tes  a t  s t a g e  n + l  
(from s ta tes  a t  s t a g e  n )  t h e  sum is  g r e a t e r  t han  2 5 0 0 ,  t h e  
program w i l l  t e rmina te .  S ince  t h e  number of  f e a s i b l e  s ta tes  
gene ra t ed  depends on t h e  problem c o n s t r a i n t s ,  t i g h t e n i n g  t h e  
c o n s t r a i n t s  may allow the  problem t o  be completed i f  t h i s  
maximum i s  exceeded. 
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130 

4 . 0  Space Program Example 

600 

I n  deve loping  a s p a c e  program p l a n ,  a c r i t i c a l  
problem i s  u s u a l l y  schedu l ing  t h e  development of major 
program segments i n  t h e  b e s t  way p o s s i b l e  w i t h i n  c o s t  and 
o t h e r  c o n s t r a i n t s .  Suppose s e v e r a l  space  program p l a n s  
c a l l  f o r  t h e  c o n t i n u a t i o n ,  i n i t i a t i o n ,  and comple t ion  o f  
s i x  major program segments. These might  be  Apol lo ,  Sky- 
l a b  I ,  Skylab 11, Skylab 111, E a r t h  t o  O r b i t  S h u t t l e  
( s h u t t l e ) ,  and I n t e r m e d i a t e  Launch Veh ic l e  ( I L V ) .  Immedi- 
a t e l y ,  s e v e r a l  impor t an t  q u e s t i o n s  a r i s e  concern ing  t h i s  
p l an .  F i r s t  i s  i t  f e a s i b l e  w i t h i n  t h e  t i m e  and cost  
c o n s t r a i n t s ?  If it i s ,  what i s  t h e  b e s t  s chedu le?  - 

1 
450 450 200 

A t y p i c a l  s e t  of cost d a t a  f o r  each o f  t h e s e  
program segments is  p resen ted  i n  Table  4 - 1 .  The t i m e  i n -  
t e r v a l s  are i n  y e a r s  and r e p r e s e n t  t h e  s t a g e  of normal 
development o r  c o n t i n u a t i o n  f o r  a p a r t i c u l a r  program 
segment. The c o s t s  a r e  i n  m i l l i o n s  o f  d o l l a r s .  The arrow 
i d e n t i f i e s  a key l e v e l  i n  t h e  program which might  deno te  
t h e  f i rs t  launch. 

SEGMENT 

1 APOLLO 

2 SKYLAB I I 372 I 474 I 2i1 
3 SKYLAB I1 

4 SKYLAB 111 

5 SHUTTLE 

6 ILV 

FIXED COSTS 

37 I 80 I 218 

,~ 

363 415 386 

192 1 20 I 1 350 1 354 347 350 

Table 4-1 
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The fo l lowing  i s  a t y p i c a l  se t  of q u a l i t a t i v e  
c o n s t r a i n t s  on t h e  program p lan :  

1. Yearly expend i tu re s  must n o t  exceed $1.525 b i l l i o n  
t h e  f i r s t  f i v e  y e a r s  and $ 2  b i l l i o n  t h e r e a f t e r .  

2 .  Yearly expend i tu re s  must no t  be less t h a n  $ 1 . 0  
b i l l i o n  f o r  t h e  f i r s t  t h r e e  y e a r s .  

3 .  Maximum t i m e  allowed f o r  t h e  p l a n  i s  t e n  y e a r s .  

4 .  Apollo has f i r s t  p r i o r i t y  and must be cont inued.  

5. Skylabs must fol low i n  o r d e r  and i t  i s  d e s i r a b l e  
t o  have them a t  l eas t  one y e a r  a p a r t .  

6 .  I t  i s  d e s i r a b l e  t o  have t h e  I L V  ( I n t e r m e d i a t e  
Launch Veh ic l e )  a t  t h e  same t i m e  o r  b e f o r e  
t h e  S h u t t l e .  

7 .  I t  i s  d e s i r a b l e  t o  have t h e  f i r s t  s h u t t l e  launch 
by 1 9 7 8 .  

8. I t  i s  a l s o  desirable t o  a s s u r e  a program’s p rogres s  
once i n i t i a t e d .  

4 . 1  Brute  Force Approach 

T h e  g o a l  i s  t o  complete t h e  s p e c i f i e d  program segments. 
The c o n s t r a i n t s  are l i s t e d  above. The e v a l u a t i n g  c r i t e r i o n  
i s  t o  minimize o v e r a l l  c o s t ;  and t h e  a l t e r n a t i v e  s t r a t e g i e s  
are q u i t e  numerous. I f  t h e r e  w e r e  on ly  t h e  t i m e  c o n s t r a i n t ,  
and assuming t h e  f i r s t  program segment (Apollo) i s  essen-  

b i n a t i o n s  of segments t h a t  would y i e l d  a completed program 
i n  1 0  y e a r s  are p o s s i b l e .  One can then  compute t h e  c o s t  
.for each of t h e s e  programs, and choose t h e  one t h a t  y i e l d s  
t h e  s m a l l e s t  va lue .  This  i s  of course  beyond t h e  c a p a b i l i t y  
of  a human being.  

This  problem can be posed as a d e c i s i o n  process .  

t i a l l y  f i x e d ,  t h e n  one can show t h a t  more than  8 x 1 0  7 com- 

A more reasonable  approach would be  t o  t a k e  ad- 
vantage  of t h e  c o n s t r a i n t s  and e l i m i n a t e  many of t h e  poss i -  
b i l i t i e s .  S ince  t h e  f i r s t  segment (Apollo)  is e s s e n t i a l l y  
f i x e d ,  w e  see f r o m  t h e  c o s t  t a b l e  t h a t  t h e  expend i tu re s  f o r  
t h e  f i r s t  y e a r  for  Apollo and f i x e d  costs ,  i s  approximately 
1 . 0  b i l l i o n  d o l l a r s .  We have then  approximately 1 / 2  b i l l i o n  
do l la rs  t o  i n i t i a t e  new programs and s t a y  w i t h i n  t h e  expendi- 
t u r e  c o n s t r a i n t .  From C o n s t r a i n t  7 ,  w e  n o t i c e  t h a t  t h e  
s h u t t l e  has  t o  reach  l e v e l  5 by 1978 .  W e  a l so  n o t i c e  t h a t  
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t h e  Skylabs must be i n i t i a t e d  i n  o r d e r  and a t  l e a s t  one  
y e a r  a p a r t .  Also t h a t  the  I L V  development must precede  
or  correspond wi th  s h u t t l e  development. W e  must be 
c a r e f u l  n o t  t o  s t a r t  too many programs because t h e i r  peak 
expend i tu re s  might occur  a t  t h e  same t i m e  and t h e  y e a r l y  
expend i tu re  c o n s t r a i n t  might be v i o l a t e d  a t  a l a t e r  y e a r .  
And t o  compl ica te  t h e  s i t u a t i o n  even f u r t h e r ,  t h e  lower 
bound on y e a r l y  expend i tu re s ,  t h a t  i s ,  1 . 0  b i l l i o n  
d o l l a r s  might be v i o l a t e d .  An exper ienced  person  would 
probably be a b l e  t o  formula te  a f e a s i b l e  program, t h a t  
s a t i s f i e s  t h e  c o n s t r a i n t s ,  w i t h i n  a r easonab le  t i m e .  
However, t h e r e  i s  no assurance  t h a t  t h e  program he  form- 
u l a t e d  i s  t h e  bes t  one p o s s i b l e  i n  t h e  s e n s e  of o v e r a l l  
minimum c o s t !  

4 . 2  T h e  Space Program Example i n  S t a t e  Space Format  

Following t h e  procedure o u t l i n e d  i n  Subsec t ion  2 . 3 ,  
w e  can now formula te  t h e  space  program example i n  s t a t e  
space  format.  

S ta te  Var i ab le s  - The space  program segments c o n s t i t u t e  
t h e  p h y s i c a l  s y s t e m  under c o n s i d e r a t i o n ,  t h e r e f o r e ,  d e f i n e  
s i x  s t a t e  v a r i a b l e s  corresponding t o  t h e  s i x  program segments,  
i .e .  , 

X1 Apollo 

x2 z Skylab I 

X3 E Skylab I1 

x4 Skylab I11 

x5 E S h u t t l e  

The numerical v a l u e s  or t h e  l e v e l s  of t h e s e  v a r i a b l e s  d e s c r i b e  
t h e  s t a t e  of t h e  system. 

S tage  Var i ab le  - T i m e  d e s c r i b e s  t h e  p o s i t i o n  i n  t h e  se- 
quence of t h e  d e c i s i o n  p rocess  i n  t h i s  example. W e ,  t h e r e f o r e ,  
d e f i n e  t h e  s t a g e  v a r i a b l e  as t i m e ,  i . e . ,  

J = t ( y e a r s )  

Any o t h e r  t i m e  pe r iod  can of course  be  used. 
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Control Variables - These are the variables under our 
control which affect the state of the system. In this 
case these are decisions on the development of the various 
program segments. Each program segment has a corresponding 
decision variable. Let us denote these as follows: 

- Development decisions on Apollo (X,) 
U 2  - Development decisions on Skylab I (X,) 

- Development decisions on Skylab I1 (X,) u 3  

U4 - Development decisions on Skylab I11 ( X 4 )  

U 5  - Development decisions on Shuttle ( X 5 )  

U 6  - Development decisions on ILV ( X 6 )  

These variables may take on values of 0, 1 and 2 
where 0 would denote no development or a delay in a program 
segment, 1 would denote normal development in the segment, 
and 2 would denote accelerated develcpxent in the program 
segment so that two years of normal program development 
can be accomplished in one year of actual time. Of course, 
more levels can be used if desired. 

State Equations - The state equations mathematically 
describe the outcomes of decisions at every stage in the 
process. In this case, these are very simple linear differ- 
ence equations as follows: 

X 2  ( J + 1 )  = X 2 ( J )  + U2 ( J )  

X 3 ( J + 1 )  = X 3 ( J )  + U 3 ( J )  

X 5 ( J + 1 )  = X 5 ( J )  + U 5 ( J )  

= X6 (J) + U 6 ( J )  

The level of each of the state variables is changed by adding 
to it the value of its corresponding control (decision) vari- 
able which may be 0, 1 or 2 .  
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Cost  Funct ion  - The c o s t  f u n c t i o n  ( t a b l e )  g i v e s  t h e  
c o s t  i n c u r r e d  as a r e s u l t  o f  t h e  p a r t i c u l a r  s t a t e  of t h e  
system and t h e  p a r t i c u l a r  d e c i s i o n s  ( c o n t r o l )  t aken .  I n  
t h i s  case, t h e  c o s t  i s  t h e  development c o s t  p r e s e n t e d  i n  
Table  4-1. Th i s  t a b l e  was modif ied  t o  account  f o r  acceler- 
a t i n g  o r  d e l a y i n g  a p a r t i c u l a r  program segment. F a c t o r s  
of 0.75 and 1 . 2 5  w e r e  used f o r  d e l a y i n g  and a c c e l e r a t i n g  
a program r e s p e c t i v e l y .  I f  a program i s  de layed ,  t h e  c o s t  
of keeping it a t  i t s  c u r r e n t  l eve l  would b e  0.75 of t h e  
y e a r l y  expend i tu re s  a t  t h a t  level .  I f  a program i s  
a c c e l e r a t e d ,  i . e . ,  two y e a r s  of  development i n  one c a l e n d a r  
y e a r ,  t h e  normal c o s t  fo r  t h e  t w o  y e a r s  i s  i n c r e a s e d  by 2 5 % .  
For example, t h e  normal development f o r  Skylab I11 t h e  f i r s t  
2 y e a r s  would cost  45 and 135 m i l l i o n  d o l l a r s  r e s p e c t i v e l y .  
To accomplish bo th  y e a r s  development l eve l  i n  one y e a r  
would c o s t  1 .25 t i m e s  (45 + 135) o r  2 2 5  n i l l i o n  d o l i a r s ,  a s  
shown i n  Table  4-2 where t h e  cost d a t a  i s  p resen ted .  

X1 which denotes  t h e  Apollo segment i s  i n i t i a t e d  

a t  l e v e l  1 0 .  This  s i g n i f i e s  t h a t  t h e  segment i s  i n  i t s  10 th  
y e a r  of development. The arrow p o i n t s  t o  t h e  key l e v e l  i n  
a p r o g r m  segmezt as be fo re .  F ixed  costs are denoted by Vo 
i n  t h e  l a s t  row. N o t e  t h a t  t h e  c o s t  p e n a l t y  depends on t h e  
s t a t e ,  t h e  s t a g e ,  and t h e  c o n t r o l .  Once a program reaches  
i t s  maximum l e v e l  ( comple t ed ) ,  i t s  cor responding  c o n t r o l  
and cost are s e t  t o  zero and i n f i n i t y  r e s p e c t i v e l y .  

C o n s t r a i n t s  - As b e f o r e ,  t h e  c o n s t r a i n t s  can  be grouped 
i n t o  f o u r  d i f f e r e n t  c a t e g o r i e s :  s t a t e ,  c o n t r o l ,  mixed and 
cost  c o n s t r a i n t s .  T h e  q u a l i t a t i v e  c o n s t r a i n t s  enumerated 
ear l ie r  can be p u t  i n  equa t ion  o r  i n e q u a l i t y  form as fo l lows :  

S t a t e  C o n s t r a i n t s :  Table  4-3 numer i ca l ly  d e s c r i b e  
some of  t h e  q u a l i t a t i v e  c o n s t r a i n t s  mentioned ea r l i e r .  
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'lq SKYLAB I 

SEGMENT 

I 
0 1  
1 

2 

SKYLAB II IX 
0 

1 

2 

0 

1 

2 

3 
0 

1 

2 

SKYLAB 111 

ORBIT SHUTTLE 

INT. LAUNCH VEH. 
ILV 

I o  
1 

2 

I v0 
FIXED COST 

10 11 12 13 

500 490 215 

653 287 85 m 

0 1 2 3 4 

0 280 355 150 

372 474 201 6 m 

1060 845 254 m m 

0 1 2 3 4 5 6 
~ ~~ 

0 28 60 164 265 440 37 

37 80 218 353 588 49 m 

146 373 715 1180 800 m m 

0 1 2 3 4 5 

~ ~~~ 

0 34 100 169 225 98 

45 135 225 300 130 90 

225 450 655 537 OD m 

0 1 2 3 4 5 6 7 

0 37 150 412 450 338 338 150 

49 200 550 600 450 450 200 m 

31 1 936 1440 1310 1125 937 m m 

0 1 2 3 4 5 6 

0 14 43 78 144 172 172 

19 57 105 192 230 230 00 

95 202 370 527 575 m m 

350 - CONSTANl 363 41 5 386 354 347 349 

Table 4-2 
C o s t  Function 

In Millions of Dollars 
u=. 75, B = l .  25 
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APOLLO 

SKYLAB I 

SKYLAB l l  

SKYLAB I l l  

SHUTTLE 

I LV 

SEGMENT 

1 

2 

3 

4 

5 

6 

ACCEPTANCE KEY DATES 
KEY FINAL 

LEVEL MINIMUM MAXIMUM STATUS 

13 1973 1973 13 

2 1973 1974 4 

4 1974 1976 6 

4 1976 1979 5 

5 1976 1978 7 

5 1976 1978 6 

Table 4-3 
Numerical Formulat ion of Q u a l i t a t i v e  S ta te  C o n s t r a i n t s  

where t h e  key l eve l  again d e n o t e s  t h e  f i r s t  launch da te .  
Acceptance key dates a r e  t h e  key da tes  w i t h i n  which t h e  key 
l e v e l  must be ach ieved ,  and t h e  minimum f i n a l  s t a t u s  i s  the  
minimum l e v e l  a c c e p t a b l e  a t  t h e  end of t h e  d e s i g n a t e d  t i m e  
i n t e r v a l .  For example, i n  T a b l e  4-3, Skylab I which i s  seg-  
ment 2 h a s  a key leve l  of t h r e e  which means i t s  f i r s t  launch 
w i l l  occu r  a f t e r  t h r e e  years o f  normal development. This  
key l e v e l  must occur  e i t h e r  i n  1973 o r  i n  1974; and a t  t h e  
end o f  t h e  program, t h e  f o u r t h  y e a r  of  development must be 
completed.  

The l i m i t s  on t h e  s t a t e  var iab les  and t h e  q u a l i t a -  
t i v e  c o n s t r a i n t s  can  be t r a n s l a t e d  i n t o  t h e  fo l lowing  
i n e q u a l i t i e s :  
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1. 

2 .  

3. 

4. 

5. 

6 .  

7 .  

8. 

9.  

10. 

11. 

1 2 .  

13.  

1 4 .  

15. 

1 6 .  

1 7 .  

18 .  

1 9 .  

20 .  

2 1 .  

2 2 .  

2 3 .  

2 4 .  

10<X1213 - 
02X2c4 

0<X3;4 - 
0 < X 4 c 5  - 
o < x 5 < 7  - -  
O<X6<6 - -  

X2<2  f o r  J < 3  

X2,2 f o r  J > 4  - 
> 4  f o r  J=10 x2- 

X3<4 f o r  J < 4  

X3;4 f o r  J > 6  - 
> 6  f o r  J = 1 0  x3- 

X 4 < 4  f o r  J < 6  

X4,4 f o r  5 2 9  

> 5  f o r  J = 1 0  x4- 

X 5 < 5  f o r  J < 6  

X 5 2 5  f o r  J > 8  - 
X > 6  f o r  J = 1 0  

X 6 < 5  f o r  J < 5  

X > 5  f o r  528 

X626 f o r  J = 1 0  

X > 6  for X 5 = 5  

X 2 1 3  for X3=4 

X3>4 f o r  X 4 = 4  

5- 

6- 

6- 
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The problem is then to find the control sequence that will 
transform the state of the system from its initial condi- 
tions to the desired final conditions satisfying the con- 
straints and minimizing the overall cost of the program. 
The next subsection will describe the input to the dynamic 
programming computer algorithm and the resulting output. 

4 . 3  Computer Program Input and Output Illustrated 

Preparatory Input 

The following operations prepare the program for 
execution. The statements in the PDP element define the 
constraints and functions for the space program problem. 

@ASG , AX GPDALG*STSPP. 

@ASG I A GPDALG*GPDFIL. 

@COPY , SR GPDALG*GPDFIL.,GPDALG*STSPP. 

@PDP, FLIX GPDALG*STSPP.DECS,.DECS 

@FOR , S GPDALG*STSPP.COST 

@FOR I S GPDALG*STSPP.COSLIM 

@FOR, S GPDALG*STSPP.COMCOS 

@FOR, S GPDALG*STSPP.CONSTR 

@FOR, S GPDALG*STSPP.FINVEC 

@PACK GPDALG*STSPP. 

@PREP GPDALG*STSPP. 

@MAE, IS GPDALG*STS P . M A P .  ,MAP 

LIB GPDALG*STSPP. 

IN GPDALG*STSPP.GPALG 

The Bastrand file GPDALG*STSPP now has an absolute element 
on it which is ready for execution. 
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LNU 
TCOS r 
LNU 

VCONST 

PROC 
DO 10 I = lvNX 
S T ( I ) = C S ( I ) + C P ( I )  
CONTINUE 

PROC 

I F  ( P  . L T o  10001 OANDO J T I M E  o L T .  3 )  GO TO 1 0 0 0  

I F  ( P  rGTo 15251 *AND. J T I M E  O L T O  5 )  GO TO 1000 
I F  ( P  O G T O  200011 GO TO 1000 

PROC 
vv=v+p 

PROC 
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PROC 
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Problem InDut  

1. The f o l l o w i n g  sequence of s ta tements  w i l l  cause 
t h e  program t o  be executed and t h e  r e s u l t s  s to red  on a 
F a s t r a n d  f i l e  GPDALG*STDAT. N o t i c e  t h a t  program termina-  
t i o n  i s  governed by t h e  stage ( I O U T = l ) .  

@ASG , A  GPDALG*STSPP.  

@ASG,  A GPDALG*SPDAT. 

@ U S E  lO ,GPDALG*STDAT.  

@XQT GPDALG*STSPP.MAP 

SCONDAT 

J I N = O ,  NCONTR=6,  N X = 6 ,  M A X J = l O ,  V I N I T = O . ,  I O U T = 1  

I D = ' N T E S T ' ,  X I N = 1 0 , 0 , 0 , 0 , 0 , 0 , 0 ,  

$END 

The o u t p u t  of t h e  program is  a l i s t  of s ta te  numbers, costs, 
and t h e  feasible  s t a t e s  occurr ing  i n  t h e  f i n a l  stage of t h e  
program, as i l l u s t r a t e d  i n  Table 4-4. 

Now i f  t h e  u s e r  desires t o  see t h e  o p t i m a l  p a t h  
t a k e n  f r o m  t h e  i n i t i a l  s ta te  t o  one o r  more of t h e  f i n a l  
s ta tes  ( s a y  s t a t e  number 9 3 0  i n  Table 4 - 4 ) .  The f o l l o w i n g  
sequence of statements r e s u l t s  i n  t h e  desired backchaining:  

@ASG , A  GPDALG*GPDFIL .  

@ASG , A GPDALG*SPDAT. 

@USE 10 ,GPDALG"SPDAT 

@XQT GPDALG*GPDFIL.MAP 

SCONDAT 

I O U T = 5 ,  

$END 
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Table 4-4 (Con't) 
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$PRTDAT 

N F I N = ~ ,  X F I N = 9 3 0  

$END 

The o u t p u t  i s  a g a i n  t h e  f eas ib l e  s ta tes  presented  i n  Table 
4-4  and t h e  p a r t i c u l a r  optimal s o l u t i o n  connec t ing  t h e  
i n i t i a l  s ta te  w i t h  the  spec i f i ed  f i n a l  s ta te .  T h i s  solu-  
t i o n  i s  presented i n  Table 4 - 5 .  

The same problem i s  worked again w i t h  I O U T = 3  which 
means t h a t  a c o n s t r a i n t  governs t e r m i n a t i o n  of t h e  program. 
T h i s  f i rs t  sequence of s t a t e m e n t s  causes r e s u l t s  t o  go on 
f i l e  1 0 .  

@ASG , A  G P D A L G * G P D F I L .  

@ASG ,A  GPDALG*SPDAT.  

@ U S E  l O , G P D A L G * S P D A T .  

@XQT GPDALG*GPDFIL .MAP 

SCONDAT 

J I N = O ,  NCONTR=6,  M A X J = l O ,  V I N I T = O ,  I O U T = 3 ,  

I D = ' N T E S T ' ,  X I N = l O , O , O , O , O I O I  

U ( l , l ) = 2 , 3 , 3 , 3 , 3 , 3 ,  U ( l , 2 ) = 0 , 0 , 0 , 0 , 0 , 0 ,  

$END 

The o u t p u t  i s  aga in  a l i s t  of f i n a l  feasible  s ta tes  t h a t  
s a t i s f y  t h e  te rmina l  cons t ra in ts .This  ou tpu t  i s  given i n  
T a b l e  4-6 .  
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Table 4-5 

Optimal Solut ion f o r  1 0  Year Space Program 

Llt611'J f i & K C h A I I k  A T  1 I P E  = 10 HITH SELECTED F I ~ A L  VECTGh 

r I v t  C O S T  X 1  X 2  X 3  X 4  X 5  X 6  

1u l l * ~ / . U  5 P A T E  13 4 6 5 7 6 

C O N  I ii0L 0 0 0 1 1 0 

C3 l(JSCj4.cI S T A T L  13 4 6 4 6 6 

c 0 Id T K i) L 0 0 0 1 1 1 

C! 9riL3.U STATt.  13 4 6 3 5 5 

C U N l  t4dL 0 0 0 1 1 1 

7 79; i~ I .U  5TATE 13 4 6 2 4 4 

CUN 1 HOL 0 0 1 1 1 1 

6 bSY7.U 5 T k T E  13 4 5 1 3 3 

c O N  T H O L  0 0 1 1 1 1 

5 4956.0 STATE 13 4 4 0 2 2 

C O N 7  ti0L 0 1 1 0 1 1 

4 3993.0 S T A T €  13 3 3 0 1 1 

C 0 N T Fi O L  0 1 1 0 1 1 

S 3152.0 STATE 15 2 2 0 0 0 

CON1 Hc)L 1 1 1 0 0 0 

2 2127.0 STATE 12 1 1 0 0 0 

CONTKUL 1 1 1 0 0 0 

1 1UlbeO STATE 11 0 0 0 0 0 

curd1 KOL 1 U 0 0 0 0 

c) e U  S T A T E  1U 0 0 0 0 0 

D FIN 
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Now the user wishes backchaining for a specific state, number 
1640, in Table 4-6. The following sequence of statements 
will cause the backchaining: 

@ASG I A GPDALG*STSPP. 

@ASG,A GPDALG*STDAT. 

@USE lO,GPDALG*STDAT. 

@XQT GPDALG*GPDFIL.MAP 

SCONDAT 

IOUT= 5 

$END 

SPRTDAT 

ID='NTEST' 

$END 

SFRTDAT 

XFIN=1640 1 NFIN=l, 

$END 

The output from execution again points out all the feasible 
final states given in Table 4-6 and the optimal solution 
from the initial to the specified final state presented in 
Table 4-7. 
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Table 4-7 

O p t i m a l  So lut ion for Minimum T i m e  Space Program 

d t G I N  B A C K C H A I I J  P T  T IME = R hITt4 SELECTEO F I ~ A L  V F C T C R  

1 II4E C 0 5 T  X 1  X 2  X 3  X 4  X 5  X 6  

d Ac)l&5.li 5TATE 13 4 6 5 7 G 

c w i  ROL cl 0 1 1 2 1 

7 90~j3.0 STATE 13 4 5 1) 5 5 

c 0 1'4 T H OL 0 0 1 1 1 1 

6 7101.0 S T A T E  13 4 4 3 4 4 

C c) i\IT R OL 0 0 1 1 1 1 

5 5438.0 S T A T E  13 4 3 2 3 3 

CUNTKUL 0 1 1 1 1 1 

3 4077.0 STATE 13 3 2 1 2 2 

C U 1.I T R OL 0 1 1 - - 1  1 1 

3 314U.O STAT€ 13 2 1 0 1 1 

c w i  ROL 1 1 1 0 1 1 

L 2U91l.U STATE 12 1 U 0 0 0 

CONTHUL 1 1 0 0 0 0 

1 1016.0 STATE 11 0 0 Q 0 0 

CONTROL 'S  ---0 ---Io- tr --- U 0 

0 e 0  STATE 10 0 0 u-  0 0 

0 F I N  
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4 . 4  D i scuss ion  of R e s u l t s  

A s  w a s  i l l u s t r a t e d  i n  t h e  p r e v i o u s  s e c t i o n ,  u s ing  
t h e  program i s  r e l a t i v e l y  easy  once t h e  problem i s  formu- 
l a t e d  i n  s t a t e  space  format.  A t  t h e  beginning  of t h i s  
s e c t i o n ,  two q u e s t i o n s  w e r e  posed: Whether a f e a s i b l e  s o l u -  
t i o n  e x i s t s ,  and i f  i t  does, what i s  t h e  b e s t  s o l u t i o n ?  

To answer t h e  f i rs t  q u e s t i o n ,  t h e  t i m e  c o n s t r a i n t  
o f  t e n  y e a r s  w a s  imposed and used as a t e r m i n a t i n g  c o n d i t i o n  
i n  t h e  program. The program t h e n  g e n e r a t e d  a l l  t h e  o p t i m a l  
feasible  s ta tes  t h a t  are r e a c h a b l e  a t  t h i s  s t a g e .  Th i s  d a t a  
i s  p r e s e n t e d  i n  Tab le  4-4.  N o t e  t h a t  t h e  d e s i r e d  f i n a l  
s t a t e  (13, 4 ,  6 ,  5, 7, 6 )  i s  i n c l u d e d  i n  t h i s  se t  as s t a t e  
number 930. A s  i n  t h e  "going home" example, more informa- 
t i o n  t h a n  t h a t  requested is p rov ided  h e r e .  Again,  t h i s  
i n f o r m a t i o n  might  be  very  u s e f u l  t o  t h e  d e c i s i o n  maker. If  
f o r  example, a t  a l a t e r  d a t e  it w a s  d i scove red  t h a t  t h e  
fund ing  levels  w e r s  lower t h a n  expec ted  and t h e  desired pro- 
gram cannot  be  completed,  t h e n  an a l t e r n a t e ,  less ambi t ious  
program must b e  formulated.  The i n v e s t i g a t o r  can  t h e n  look 
a t  Table  4-4 and de termine  i f  any of  t h e  a v a i l a b l e  f i n a l  
s ta tes  m e e t  h i s  new c o s t  c o n s t r a i n t .  I f  h e  f i n d s  one and 
i s  s a t i s f i e d  w i t h  t h e  f i n a l  s t a t u s  of t h e  program, h e  can  
e a s i l y  f i n d  t h e  op t ima l  s chedu le  of  t h a t  program by back- 
c h a i n i n g  w i t h  t h a t  par t icular  f i n a l  s t a t e .  The o v e r a l l  
program need n o t  be run .  One can  t h i n k  of many ways t o  
u s e  t h i s  f e a t u r e  of  dynamic programming. 

- 

The d e s i r e d  f i n a l  s t a t e  (13 ,  4 ,  6 ,  5 ,  7, 6 )  i s  
used  f o r  backchain ing .  The o u t p u t  i s  g i v e n  i n  Table 4-5. 
T h i s  o p t i m a l  s c h e d u l e  i s  more c l e a r l y  i l l u s t r a t e d  i n  Table  
4-8. Note t h a t  t h e  y e a r l y  e x p e n d i t u r e s  s a t i s f y  bo th  t h e  
l o w e r  and upper  bounds. The lower bound of  $1 b i l l i o n  
w a s  dropped a f t e r  t h e  f i r s t  t h r e e  y e a r s  and t h e  upper  bound 
w a s  i n c r e a s e d  t o  $ 2  b i l l i o n  a f t e r  t h e  f i f t h  y e a r .  Th i s  
i l l u s t r a t e s  t h e  f l e x i b i l i t y  of t h e  program and a lmos t  any 
t y p e  o f  c o n s t r a i n t  can be used. 

The same problem w a s  r u n  a g a i n ,  e x c e p t  t h i s  t i m e  
t h e  d e s i r e d  f i n a l  s ta te  was used  as a s t o p p i n g  c o n d i t i o n  
and t i m e  o r  t h e  number o f  stages w a s  l e f t  free.  To o u r  
s u r p r i s e ,  t h e  d e s i r e d  f i n a l  s t a t e  w a s  reached  w i t h i n  o n l y  
e i g h t  y e a r s  and w i t h  smaller o v e r a l l  c o s t !  The program o u t -  
p u t t e d  t h e  f e a s i b l e  s ta tes  a t  t h i s  s t a g e  as can  b e  s e e n  i n  
T a b l e  4-6.  As i n  t h e  p rev ious  case, t h i s  o u t p u t  can be  
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u s e f u l  t o  t h e  i n v e s t i g a t o r  i n  e v a l u a t i n g  h i s  a l t e r n a t i v e s .  
The d e s i r e d  f i n a l  s t a t e  was t h e n  used f o r  backchain ing  
r e s u l t i n g  i n  t h e  o u t p u t  p r e s e n t e d  i n  Table  4-7.  Th i s  op- 
t i m a l  s chedu le  i s  b e t t e r  i l l u s t r a t e d  i n  Table  4-9. Notice 
t h a t  t h e  S h u t t l e  development w a s  a c c e l e r a t e d  i n  t h e  l a s t  
yea r .  Again obse rve  t h a t  a l l  t h e  c o n s t r a i n t s  were s a t i s -  
f i e d .  One can show t h a t  t h i s  i s  a minimum t i m e  s chedu le  
as w e l l .  

On comparing t h e  two s c h e d u l e s ,  i t  i s  a p p a r e n t  
t h a t  a l though  t h e  y e a r l y  e x p e n d i t u r e s  f o r  t h e  minimum t i m e  
s chedu le  are h i g h e r ,  t h e  f i x e d  costs f o r  t h e  l a s t  two y e a r s  
are e l i m i n a t e d .  T h i s ,  then  e x p l a i n s  t h e  cor responding  
lower c o s t .  

Th i s  example w a s  used  o n l y  f o r  i l l u s t r a t i v e  pur-  
poses  and t o  demons t r a t e  t h e  f e a s i b i l i t y ,  f l e x i b i l i t y  and 
u s e f u l n e s s  o f  t h e  computer program. Many impor t an t  f a c t o r s  
w e r e  n o t  cons ide red .  The costs of t h e  v a r i o u s  program 
segments,  f o r  example, are n o t  independent  and depend v e r y  
much on t h e  s c h e d u l e  i t s e l f .  The costs used w e r e  i n  con- 
s t a n t  d o l l a r s  w h i l e  i n  f a c t  do l l a r  v a l u e s  change d r a s t i c a l l y  
i n  a t i m e  p e r i o d  of t e n  yea r s .  Some of t h e s e  and o t h e r  
factors can  be i n c l u d e d  i n  t h e  program t o  give a more 
r ea l i s t i c  s i m u l a t i o n .  

I t  i s  conce ivab le  t h a t  fo r  a class of problems,  
such  as s p a c e  program p lann ing ,  an  i n t e r f a c e  computer pro-  
gram can be  b u i l t  between t h e  u s e r  and t h e  b a s i c  dynamic 
programming package. I n  t h i s  i n t e r f a c e  program a l l  t h e  
i n p u t s  t o  t h e  b a s i c  program w i l l  be  f i x e d  e x c e p t  f o r  a 
r e l a t i v e l y  s m a l l  number of p h y s i c a l l y  meaningful  pa rame te r s  
which are l e f t  t o  be s p e c i f i e d  by t h e  u s e r .  Such a program 
c a n  t h e n  be used on an o n l i n e  t e r m i n a l .  
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5 . 0  Summary 

The Dynamic Programming Concept f o r  m u l t i - s t a g e  
d e c i s i o n  p rocesses  w a s  expla ined  v i a  a very  s imple  example. 
The t y p e  of  problems for which t h i s  approach i s  u s e f u l  w e r e  
p u t  i n  a g e n e r a l  format  known as t h e  S t a t e  Space Format. 
The problem of d imens iona l i ty  a s s o c i a t e d  w i t h  Dynamic Pro- 
gramming w a s  s u b s t a n t i a l l y  reduced by des ign ing  a procedure  
whereby on ly  f e a s i b l e  s ta tes  are cons ide red .  A computer 
program w a s  developed us ing  t h i s  procedure.  I n  theory  , 
it can s o l v e  any problem t h a t  can b e  p u t  i n  t h e  S t a t e  Space 
Format ,  i n  practice, however, t h e  program i s  l i m i t e d  as t o  
t h e  s i z e  of the problem it can handle .  A t  any i n s t a n t  of  
t i m e  w h i l e  g e n e r a t i n g  t h e  op t ima l  s o l u t i o n s ,  t h e  f e a s i b l e  
s t a t e s  of a t  l e a s t  two s u c c e s s i v e  s t a g e s  must b e  a v a i l a b l e  
i n  t h e  computer core. T h i s  i s  t h e  most impor t an t  l i m i t a t i o n  
of t h e  program and a t  p r e s e n t  t h e  number of  feas ib le  s t a t e s  
f o r  any t w o  s u c c e s s i v e  s t a g e s  is  l i m i t e d  t o  2500 .  The num- 
ber of  s t a t e  v a r i a b l e s  should a l s o  be made as s m a l l  as 
p o s s i b l e  o the rwise  excess ive  computing t i m e  may r e s u l t .  

A r e a l i s t i c  space program p lann ing  a p p l i c a t i o n  w a s  
t h e n  formula ted  and p u t  i n  s t a t e  space  format .  A f i x e d  t i m e  
as well as ninimum t i m e  program p lann ing  schedu le  problems 
w e r e  so lved .  The computer program w a s  used t o  g e n e r a t e  
classes of  op t ima l  s o l u t i o n s  as w e l l  as two p a r t i c u l a r  
s o l u t i o n s .  The f e a s i b i l i t y  and u s e f u l n e s s  o f  t h e  concept  
as w e l l  as t h e  computer program w e r e  demo s t r a t e d .  
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Appendix 

GPDFIL.GPALG,GPALG 
0 C O M P I L E D  BY 1201  H C 5 7 E  O N  20 J A N  7 1  AT 14:06:09, 

P R O G R A M  

3 N  R L O C K S :  

LOKPER O U 0 0 6 4  
P A R A M  000025 

qAL REFERENCES (BLOCK, N A M E )  

P A C K  
E N T E R  
C O M P E R  
C O N S T H  
C O S T  
C O S L  I M 
N E X T S T  
C O M C O S  
S E 4 R C H  
POF I LE 
\I NPC K S 
P R T O U T  
F I N V E C  
PRTOUF 
P R T C H N  
N I N T R S  
NRNLS 
NERRZS 

N I O l S  
N 102s 
NWBUS 
N R E # S  
NRBUS 
NWEFS 
N S T O P S  

NWDUs 

;E ASSIGNMENT (BLOCK, TYPE,  RELATIVE LOCATION, N A M E )  

000073 1ZL 
000311 25L 
000645 333G 
000356 36L 
001024 4 2 l C  
001137 467C 
001167 5066 
001335 5726 
002710 6002F 
001030 63L 
002730 76F 

oflo 1 
oflo 1 
0 0 0  1 
000 1 
000 I 
000 1 
000 1 
000 1 
0000 
oflo I 
000 1 

000121 
000503 
000657 
0007 15 
001060 
001143 
O O O S 4  1 
001341 
0027 16 
001117 
001301 

1 4 ~  
2626 
343G 
3636 
436G 
473G 
52L 
5 7 6 6  
6003F 
65L 
80L 

0001 000033 1426 
0001 0 0 0 5 0 6  2646 
0001 000664 3S7G 
0001 000721 3676 
0001 00107$ 4466 
0001 000434 50L 
0001 001263 5q4C 
0001 000612 58L 
0000 002743 6OOL(F 

0001 001320 8 l l L  
0001 00120Y 7 0 ~  

000 1 
000 1 
000 I 
000 1 
000 1 
0 0 0  1 
000 1 
000 I 
000 1 
000 1 
000 I 

UOUl45 1 
0 0 G 5 Y O  3 
O O U 3 4 4  3 
~ 0 0 3 7 3  3 
U O I I U l  9 
000405 5 
000523 5 
U01J702 5 
001360  6 
U O l Z l l  7 
U 0 1 4 0 5  E 



H 000000 
I 0 0 2 5 7 1  
I 0 0 2 6 1 5  
1 0 0 2 5 2 0  
1 0 0 2 6 0 3  
L 0 0 2 5 6 0  
I 0 0 2 6 0 1  

I 0 0 2 6 1 7  
I 000000 

I 0 0 2 ~ 1 2  

COST 
I D  
I J  
I T  
JJJJJ 
KF 
L P S T  
M J 2  
N d  
NTPER 

I 000404 p S T  
H 002600  V 
1 000001 X I N  

1. 
2 *  
3. 
4. 
5. 
5 *  
5+ 
5. 
6 *  
7. 
8 .  
9 *  

I u r  
I I *  
1 2 r  
1 3 s  
1 Y C  
1 5. 
16. 
17. 
l e *  
1 9 *  
t o *  
21. 
2 2 *  
2 3 *  
29. 
25, 
2 6 9  
27. 
20. 
2 9 .  
3 0 9  
31. 
3 2 1  
33.  
3Y. 
3 5 r  
36, 
3 7 *  

O 

END 

O 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

nnoo 
oouo  
O n O O  
0000 
O D 0 0  
O n O O  
O n O O  
O n u O  
On03 
on00 

On00 
an00 

O R 0 0  

1 0 0 0 3 6 0  CP 
I 0 0 4 6 3 0  101 
I 0 0 2 6 2 5  I J H l  
1 0 0 2 6 2 4  J 
I 0 0 2 5 7 3  J T  
I 002606 K I N O  
I 002620  LPSTZ 
1 fl0256Y N C O N T R  
I 000001 NONPER 
I 0 0 2 6 2 2  NTR 
H 0 0 2 6 3 2  S K I P  
R 0 0 2 5 6 7  V I N l T  
H 0 0 7 6 5 7  X V  

- A2 - 

u o o c  
0000 
0003 

O O O Y  
0 0 0 0  
0 i ) O G  
0000  
0000 
QODU 
0000 
0 0 0 0  

ooao  

1 000334 
I 002616 
1 ooolJ02 
I 0 0 2 5 I 3  
I 000000 
I 0 0 2 5 7 5  
1 0 0 2 5 6 6  
I n o 2 5 7 2  
1 0 0 2 5 7 4  

1 000430 
R 0 0 2 6 0 5  

I 002515 

c s  
I F J  
IOKPER 
J I N  
J T I M E  
KOUNT 
M A X J  
N F I N  
NPAGE 
NX 
S T  
v v  

OOOLl  
0000 
ooi10 
ouoo 
OOOG 
0000 
O O O b  
ooou 
ooou  
ooou 
0000 
0000 

L 
I 
I 
I 
I 
L 
I 
1 
I 
H 
L 
I 

L O 2 5 5 6  
1 J O d 6 2 6  

do26 I4 
3 0 2 6 3 1  
u0256 1 
U O J 4 S Y  
L J 0 L 6 2 7  
U O 1 6 J 2  
13026134 
~ 0 ~ 5 5 7  
u 0 1 7 5 3  

~ 0 2 5 7 ~  

E Q U I V A L E N C E ~ X V l l l ~ X ~ l ~ ~ l l  
C O M H O N / L O K P E R / N T P E R B N O N P E R , ~ O K P E H  
C O M ~ O N / P A R A H / J T ~ M E B K I N  
INTEGER U B X B C S B C P B P S T B S T ~ X I N ~ X F I N  
L O G I C A L  F I R S T B T A B F L G B K F B K P E R M  
LOGICAL PRFLC 
D A T A  P R F L G / D T R U E D /  
N A M E L ~ S T / C O N D A T / J ~ N B X ~ N ~ U ~ ~ C O N T R ~ N X ~ ~ A X J B ~ I N I ~ B I O U T B  
KPERM B I D  

I N P U T  V I A  CONDAf 
J I N  I N I T I A L  TIHE J 
X I N  VECTOR OF I N I T I A L  S T A T E  C O N F I G  
U M A T R I X  OF VALUES OF CONTROL VOLS 
NCONTR NUMBER OF CONTROLS 
NX NUMBER OF COMPONENTS OF S T A T E  VECTOK 
M A X  J MAXIMUM T I M E  ALLOWABLE 
V I N I T  I N I T I A L  COST V 
I O U T  OUTPUT I N D I C A T O R  
11 PROBLEM TERMINATION CONTROLLED BY J T I H E  REACHING 

M A X J O  P R I N T  STATES A T  T I M E  H A X J  AND E X I T ,  STORE 
E N T I R E  RESULTS ON F I L E  100  

C H A I N  BEFORE E X I T .  

P R l N T  S T A T E S  NHEN C O N D I T I O N  S A T I S F I E D  AND E X I T #  

0 4  SAME AS 3 EXCEPT REQUEST STATE NUMBER(S1 F O R  i 3 A C K -  

OS PROBLEM RESULTS ALREADY ON F I L E  100 REQUEST S T A T E S  

=2  SAME AS 1 EXCEPT REQUEST S T A T E  NUMBER(S) F O R  O A C K -  

13 PROBLEM TERMINATION CONTROLLED B y  F I N A L  CONSTHAINTSI 

STORE E N T I R E  RESULTS ON F I L E  l o *  

C H A I N  BEFORE E X I T ,  

F O R  B A C K C H A I N I N G O  
K P C R M  FLAGITRIIE. KEEP F E A S I B L E  PERMUTATIONS 

f i  
1 1  
1 0  
JJ 
JT 
K P  
M A 

14 1 
hP 
P 
l k  
X 



- A3 - 
38.  
3 9 .  
40. 
41* 
‘12. 
Y 3 *  
44* 
45* 
46. 
4 7 *  
48. 
4 9 s  
5 0 *  
S I *  
52. 
53. 
54. 
55. 
5 6 .  
b 7 *  
58 * 
5 9 .  
6 0 *  
61. 
6 2 .  
63. 
6 Y *  
6 5 .  
66s 
6 7  
6 8 .  
6 9 *  
7 0 0  
71. 
7 2 .  
73. 
7 4 .  
75. 
7 6 C  
7 7 .  
78. 
79. 
801 
81. 
8 2 1  
83. 
BY. 
9 5 C  
8 6 .  
87. 
8 8 s  
8 9 s  
9 0 .  

9 2 9  
93 .  
9 4 r  

91, 

C 
C 
C 
C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

1 

C 
C 
C 

5 

10 

C 
C 
C 

12 

13 
C 
C 
C 

1’) 

ID 

GENERATED FOR TABLE LOOKUP 
-FALSE,  DONOT KEEP PERMUTATIOIIS 

PROBLEM I D E N T I F I E R ,  6 A L P H A B E T I C  C H A R  

NAMELIST/PRTDAT/ID,XF!N,NFIN 

10 PROBLEM I D E N T I F I E R  F O R  PRINTING 
X f  I N  VECTOR OF P L A C E  I N  S T A T E  h R R A Y  OF 

I N P U T  V I A  PHTDAT 

SOLUTIONS A R E  I N T E R E S T E D  IN S E E l N u  

NUMBER OF I N D I C E S  I N  X f I N  
F t F I N  NUMBER OF F I N A L  VECTOR T R A C E S ,  I f~ 

I N I T I A L ! Z A T I O N  

J T = l  

K O U N T = O  
NTPER=l 
H A X X J ( J T B I ) - I  
M A X X J ( J T t Z ) = l  
f I R S T = r T R U E r  
N I PTR J m  1 

NPAGE-1 

I N P U T  S E C T I O N  

COMPUTE A PERMUTATION OF U 

A T  J T I H E ~ J I N  TEST F E A S I B I L I T Y  OF I N I T I A L  S T A T E  AND PERMUTATION 

I N I T I A L  S T A T E  AND PERMUTATION S A T I S F Y  CONSTRAINTSO I F  KPERM 
I S  TRUE, SAVE T H I S  INOEX NPER A S  THE NUMBER OF A FEASIBLE PER- 
MUTATION 

I F  ( r N O T r  KPERM) G O  T O  IS 
I O K P t R ( N T P E R ) m N P E R  



. 'D 

- A4 - 
9 b +  
9 6 .  
97. 
98+ 
9 9 .  
00. 
O l .  
02. 
03. 
04. 
05. 
U b .  
07. 
0 8 .  
09. 
1 0 0  
1 1 .  
12. 

.13 .  
1 4 *  
1s. 
16. 
17. 
18. 
19. 
20. 
21. 
2 2 .  
23P 
2'1. 
2 5 0  
2 6 +  
27. 
z e r  
2 9 *  
30. 
31. 
320 
33* 
3'10 
35. 
36. 
37. 
38.  
3 9 .  
400 
'(ir 
42* 
'13. 
44. 
45. 
4 6 r  
Y7. 
Ye. 
')PI 
s o *  
51P 

C 
C 
C 
C 

C 
C 
C 

C 
C 
C 

C 
C 
C 

C 
C 
C 
C 

C 
C 
C 
C 

C 
C 
C 

C 
C 
C 
C 

15 

C 
C 
C 
C 

2 5  

C 
C 
C 

AT 1 5 ,  ALL C O N S T R A I N T S  OF T H I S  S T A T E  AND P E R M U T A T I O N  A R E  S A T -  
I S F I E U ~  COMPUTE COST P o  

T E S T  F E A S I B I L I T Y  OF P 

COST C;ONSTRAINT S A T I S F I E D ,  D E R I V E  NEAT S T A T E  

CALL N E X T S T ( C S ~ C P , S T ~ N X ~ N C O N T R I  

NEW S T A T E  114 VECTOR S T o  T E S T  F E A s ~ B I L I T Y  

CALL C O N S T R ( S T ~ C P ~ N X I N C O N T R ~ S ~ S I  

NEW S T A T E  S A T I S F A C T O R Y ,  COMPUTE V A S S O C I A T E D  W I T H  S T  A N D  CPo 
ALSO TEST F E A S I B I L I T Y  

CALL C O M C O S ( C S , C P , S T , P , V , V V , S 3 5 )  

COST V ACCEPTABLE. SEAHCH L I S T  OF S T A T E S  AND CONTROL C O N F I G U  
R A T I O i J S  A T  THAT J T I f l E  T O  S E E  I F  THIS S T A T E  ALREADY C O N S I D E R E D *  

K F  TRUE MEANS S T  E X I S T S  ON L I S T  X 

I F  ( K F I  G O  TO 25 

S T  C O N F I G U R A T I O N  DOES NOT APPEAR ON L I S T  XI ENTER I T  W I T H  T H t  
C O R R E 5 P o N D I N G  P E R M U T A T I O N  CP AND V AND L I N K  T O  P R E V I O U S  S T A T E  

C A L L  P A C K ( S T , C P , P S T , N X v N C O N T K v L P S T )  
f l A X X J ( J T + l , Z I ~ M A X X J ( J T + i , 2 I + l  

I F  (KOUNT o G T e  M A X X I  CALL P O F I L E ( J T , N P A G E , L E N G P , X , ~ A X X J ~  

C A L L  E N T E R ( X , P S T ~ V V ~ M A X X J ( J ~ + ~ , ~ I , N I P T R J I L P S T , N P A G E ~  

KOUNT-KOUNT+I  

0 LPST,KOUNf,NIPTRJ,S6OSOl 

J J J = M A X X J ( J T + 1 0 2 1  
X V ( J J J ) = V V  

G O  T O  35 

S T A T E  S T  A P P E A R S  ON L I S T  X I  CHECK FOR BEST COST VI IF NEW O N E  
I S  B E T T E R ,  CHANGE PACKED U T O  CP AND S T O R E  N E W  COST AND L I N K  

B V = X V ( K I N D )  
I F  ( V V  t G E o  S V I  G O  T O  35 
C A L L  P A C K ( S T , C P , P S T , N X ~ N C O N T R , L P S T I  
C A L L  E N T E R ( X ~ P S T p V V , K I N D , N I P T R J ~ L P S T ~ N P A G E )  

X V  ( K I  N D I = V V  

GO T O  NEXT S T A T E  A T  T I H E  J T I M E  



- A5 - 
52. 
53. 
54* 
55, 
56. 
5 7 .  
5 8 .  
5 9 .  
6 0 1  
61. 
62. 
63. 
6'40 
6s. 
66. 
6 7 .  
6 8 .  
6 9 1  
7 0 0  
7 1 .  
72. 
7 3 .  
74* 
75* 
76. 
77* 
78. 
7 9 .  
do. 
8 1 *  
82. 
8 3 *  
8Y. 
8 5 r  
8 6 *  
87* 
8 8 *  
8 9 .  
900 
91, 
9 2 *  
93* 
9 4 0  
95* 
96* 
979 
98* 
99. 
00, 
01. 
o z *  
0 3 .  
049 
0 5 *  
0 6 ,  
0 7 0  
0 8 ,  

35 N I P T R J = N  I P T R  J *  1 
I F  ( N I P T H J  .LE. H A X X J I J T , ~ ) )  G O  TO 37 

C 
C EXHAUSTFD ALL S T A T E S  AT L E V E L  J T I M E  F O R  THIS CPe GET NEXT 
C P E R M U T A T I O N  AFTER R E I N I T I A L I Z I N G  THE J T l f l ~  BLOCK OF Xes 
C 
36 N I P T R J ' M A X X J ( J T , I l  

C 4 L L  U N P C K S ( X B N I P T R J , C S ~ N X )  
V m X V ( N 1 P T R J )  
G O  T O  I2 

C 
C PUT N E #  S T A T E  F R O M  X I N T O  CS 
C 
37 CALL U N P C K S ( X , N I P T R J ~ C S , N X I  

V m X V I N I P T R J )  
G O  T O  1 4  

C 
C AT 50UO ALL P E R M U T A T I O N S  EXHAUSTED F O R  T I M E  J T I M E e  ALL NEW X9s  
C GENERATED AND T E S T E D  AND STORED FOR T I M E  J T I M E * ~ .  BEGIN *ORK 
C ON NEA J T I M E  
C 

C 
C A T  I N I T I A L  T I M E  - MIGHT WANT T O  S A V E  F E A S I B L E  P E R M U T A T I O N S  I N  
C T A B L E  
C 

5000 I F  ( J T I M E  .GTo J I N I  G O  TO 40 

I F  ( K P E K H ]  TABFLG~ITRUEO 

GO TO ( 5 0 n 5 0 , 6 0 , 6 0 ~ 7 0 ) , 1 C U T  
4 0  J T I M E = J T I M E + l  

C 
C l O U T m 1  OR I O U T = Z o  M A X J  S P E C I F I E D  - T E S T  I F  M A X  S T A G E  E X C E E D E D  
C 

C 
C N O T  YET A T  M A X  T I M E  - GO ON T O  N E X T  T I M E  BLOCK 
C 

5 0  I F  ( J T I M E  O G E O  M A X J )  GO T O  55 

52 J T = J T + l  
M A X X J ( J T * l t l ) ' H A X X J ( J T , 2 I + l  
M A X X J ( J T * l t 2 ) ~ M A X X J ( J T t 2 1  
F I R S T ~ r T R U E o  
NONPERml  
# J l ' M A X X J (  J T  t 1 1  
M J Z ' M A X X J ( J T , Z I  
I F  ( P R F L G )  

0 W R ~ T E ( ~ ~ ~ ~ ~ ~ ) J T ~ J T I H E ~ ~ J ~ ~ M . J Z O ~ ( X ( I I I ~ J J ~ ~ J J ~ ~ O ~ ~ V  
0 I I 1 ~ M J l s M J 2 1  

6 0 0 2  f O R M A T ( l H O ~ ' M A I N ' ~ S I 0 / ~ l X ~ 7 ( O l 2 ~ 2 X ) ) I  
G O  TO 36 

C 
C J T I M E  CTR THAN M A X J  
C OUTPUT ALL F I N A L  VECTORS A T  J T I M E  L E V E L  
C 

5 5  I J D M A x x J (  ~ T + l , l )  
I F J ~ M A X X J ( J T * I t 2 )  
L E N G P ( N P A G f ) m I F J  
N J = I F J - I J + l  
DO 56  I m 1 , N J  



- A6 - 
39.  
I O .  
1 1 .  
I 2 0  
13. 
14, 
15. 
16. 
17. 
18. 
19. 
20* 
21. 
12. 
23* 
?4t 
25. 
26* 
27. 
28*  
29. 
3 0 t  
31. 
32* 
33. 
3 4 r  
35. 
36* 
37. 
38*  
39. 
409 
4 1 C  
42, 
439 
44. 
os* 
46. 
47* 
48) 
49t 
S O *  
51. 
52, 
53. 
54. 
551 
S 6 9  
571 
56, 
5 9 9  
4 0 1  
611 
42. 
63t 
6 q C  
4 5 9  

C 
C 
C 
C 

6 0  

62 
63 

0 

64 
6 5  

6 6  

67  
C 
C 

IOU113 O R  10UTm4r FINAL CONDITIONS SPECIFIED - P R I N T  O U T  ALL STATE 
VECTOHS T H A T  S A T I S F Y  THE F I N A L  CONDITIONS 



16* 
r 7 *  
18. 
# 9 *  
' O *  
' 1 .  
' Z *  
? 3 *  
'49 
r5. 
76. 
77. 
18* 
r 9 .  
40. 
3 1  
Q2* 
03* 
64. 
85. 

E l *  
88. 
B9+ 
9 0 .  
Yl* 
9 2 *  
9 3 .  

I 9 4 r  
9 5 r  
9 6 .  
9 7 *  
9 8 .  
9 9  * 
o o *  
01. 
0 2 ,  
03* 
04* 
os*  
Ob* 
O f *  
0 8 *  
0 9 0  
109 

e 6 e  

D OF 

. 

- A7 - 
C 

END FILE 10 
IF (IOU1 e E Q e  3 1  GO TO 6050 

C 
C IOUT=3,480RS. ACCEPT I N P U T  OF INDICES OF STATES AS F I N A L  CONI)- 
C ITIONS T H A T  ARE T O  BE D I S P L A Y E D  
C 
C READ PRTDAT FOR THE OUTPUT INFORMATION 
C 
70 WRITE(6,60031 
6 0 0 3  F O R M A T ( l ~ l , @ W H 1 C H  PROBLEM ID IS OF INTEREST F O R  BACKCHAIN 

e ING' I 
71 

C 
C 
C 
C 

75 

75 1 
7 6  

R E A D ( ~ B P R T D A T , E N O ~ ~ O ~ O )  
IF ( N I D  e E Q e  ID1 b 0  10 85 
NIDaID 
REWIND 10 

IO IN PRTDAT SPECIFIES MUH~CH PROBLEM INTERESTED 1Ne A L L  ARE UN 
F I L E  10 THEREFORE MUST S E A R C H  FOR RIGHT ID 

R E A O ( I O B E N D ~ ~ S ~ I  ID1 
REID(l0) J T I , L P S T ~ , N X , N C O N T R , N P A G E , N ~ R , I J , ~ L E N G P ( K ~ ~  
KIIBNPACEI 
IF (ID1 eEQo ID1 G O  T O  80 
WRITE(6,76) 
FORMAT(lHO,@ WRONG PROBLEM ID, T H A T  PROBLEM NOT S T O H E U  

,ON PILE 1 0 ' )  
G O  T O  6 0 5 0  

80 LPSf.LPST2-2 
I F  ( N T H  me 01 G O  T O  811 
D O  81 1 m l ~ N l R  

e1 READIIU) SKIP 
8 1  1 IFJmLENCP(NPAGE1 

a z  READ(I0) (X(I,JltJm1,LPSfZ) 
NJ=IFJ-IJ+I 
DO 8 3  I ~ I D N J  

D O  8 2  I.I,IFJ 

8 3  X F I N ~ I l = I J + l - l  
CALL P R T O U F ( X ~ J T I , X F I N D N J , N X ~ ! D ~ J  
W R I l E ( 6 ~ 6 0 0 4 )  

6004 FORHAT(LHO,@ NOW INPUT INDICES FOR B A C K C H A I N I N G O  
GO T O  71 

85 CALL P R T C H N ( X D J T l , X F I N , N F I N , N X ~ N C ~ N T R ~ N P A G E , L ~ N G P )  
6050 CON1 I NUE 

E N D  

COMPILATION: NO D I ACNOST ICs o 



- A8 - 
SfiAHCH8SEAHCH 

10 COViPILEU RY 1201 BCS7E ON 07 JAN 7 1  AT 14:09:10. 

)UT INE SEARCH ENTRY POIhT 000077 

4NAL REFERENCES (BLOCK, NAME) 

3 PACK 
t N t R k 3 B  

4 G t  ASSlGhMENT (BLOCK, TYPtr, RELATIVE LOCATION, NAVE) 

1 0 0 0 0 5 1  1uL 0 0 0 1  000030  1166 0 0 0 1  000040  1216 
3 000034  INJPS 0000 I 0 0 0 0 3 1  J 0000 I 000027 L T  
J I 000000 T 

1* 
2* 
3* 
3* 
3* 
3* 
4* 
5* 
6* 
7*  
6* 
9* 

10*  
11* 
12* 
13* 
14* 
15* 
1b* 
1 7 *  
111* 
19* 
20* 
21* 
22 * 
23* 
2 4 *  
25* 
26* 
27+ 
28* 
29* 

ENL, 

C 
C 
C 
C 

20 
C 
C 
C 

1 0  
C 
C 
C 

30 

0001 OOU057 31 
0000 I 000024 N\I 

0000 I 000026 Tl 

SUBROUTINE S E A R C H ( X , M J l , M J 2 t S T , N X , K f , K I N ~ )  
I V P L I C I T  INTEGER (A-2) 
INCLUDE DECLpLIST 

PARAMETER MAXX=2500 
DIMENSION X(MAXXv20) 

DIMENSION S T ( l ) , T ( E O )  

SEARCH ARRAY X FOR STATE ST ONLY AT STATES GEIvERATED DURING 
TIME JTIME AS DETERMINED BY M A X X J ( J T + 1 , 1 ) . . . ~ A X X J ( J T + 1 , 2 )  

L O G I C A L  KF 
KF=*FALSEe 
hWFS=(NX-11/4+1 
NWFSP2=NWFS+2 
CALL P A C K ( S T ~ T ~ , T ~ N X ~ I P L T )  
00 1 0  I z P J l t M J 2  
DO 20 J=l,NWFS 

CONTINUE 
I F  ( T ( J )  .NE. X(I ,J+2))  GO TO 10 

THERE I S  A MATCH I N  STATES AT STATE I. GO TO 30 

GO TO 30 
CON1 INUE 

NO HATCH. RETURN 0 

KIND=O 
RETURN 

K I N D = I  
KF= TRUE 
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5u* 
51* 

-NU OF COMPILATION: 

RET U fitv 
END 

NO D I AGtiOST ICs 



- A10 - 
COMPERPCOVPER 

I0 COVPlLED BY 1 2 0 1  BCS7E OK 07 JAN 71 AT 14:09:03. 

JUT I N E  CONPER ENTRY POINT 000216  

9Gk USED:  CODE(^) 0002441  DATA(0)  000026 i  BLANK COMMON(2) 000000 

'JON BLOCKS: 

3 LOKPEH 000003  

dNAL REFEHENCES (BLOCK, NAME) 

4 NERR4B 
5 NERHJB 

A G t  ASSIGFUMEI\;T (BLOCK, TYPE, RELATIVE LOCATION, NAME) 

1 OU0027 1oL 0 0 0 1  0 0 0 1 7 1  lOOL 0 0 0 1  000173  l l O L  0 0 0 1  000020  1. 
1 0 0 0 1 1 2  1 4 6 6  0 0 0 1  000137  1 6 1 6  0 0 0 1  000145  164G O U O l  0 0 0 0 6 2  2! 
1 000120  6 0 L  0 0 0 1  0 0 0 1 2 3  65L 0 0 0 1  000165  8 5 L  0000 I 000000  I 
3 I 000002 IOKPER 0000 I 0 0 0 0 0 1  IQ 0000 1 lJoOO05 JJ 0000 I 000003  bil 
0 I 000002 NT 0003 I 000000 NTPER 0000 I 000004  hCIP 

1* c 
2* c 
3* c 

FOR COMPUTING PERMUTATIONS OR FOR ACCESSING hEXT FEASIBLE PERp 

4* SUBROUTINE COMPER(NCP~UVNCPTARFLG~FIRST,NPER,B) 
5* I M P L I C I T  INTEGER (A-21 
6* L O G I C A L  FIRSTvTABFLG 
7 *  DIMENSION NCP(1)~U(20~11)~IOKPER(l~ 

9* I F  (TABFLC) GO TO 5 0  
a *  COMMON/LOKPER/NTPER,NONPER,LOKPER 

10* NONPER=l 
11* c 
12* c NO PABLE LOOKUP OR F I R S T  TIME GENERATING PERPUTATIONS 
13* c 
1 4 *  I F  ( *NOT* F I R S T )  GO TO 1 0  
15* NPEH=l 
16* 00 5 I= l ,NC 
17*  5 NCP (1 )=2 

19* KETURN 
20* 1 0  NPERZNPERtl 
21* DO 20 IQ=~,NC 

18* FIRST=rFALSE* 

22 * N T = N C P ( I Q ) + l  

24 * NCP( IQ)=P 
25* 20 CONTINUE 

23* I F  (NT *LE. U( IQ,1)+1)  GO TO 2 5  

26* C 



- A l l -  

274 
2 8  4 

2 5 4  
30* 
514 
3L* 
33* 
544 
35* 
5b* 
57 * 
584  
39* 
+u* 
4 1 *  
42 * 
43* 
Y 4 *  
r)b* 
4b* 
47* 
484 
494 
5 U *  
51* 
52* 

C 
C 

25 

50 

5 1  

60 
65 

80 

85  
100 
110 

CCNSIDEHED ALL PERVUT4TIOrdS 

FiETURh 7 
N C P ( I Q ) = h T  
RETbkh 

I F  (hONPER * G T *  1) GO TO 60 

N C P ( I ) = 2  
rvL0 w= 1 
GO TO 65 
hLOh=IOKPER(hONPER-l) 
NUP=IOKPER(NONPER)-l 
I F  (NCIP-NLOW .LT. 0 )  GO TO 110 
DO 1 0 0  JJ=NLOWvNUP 
DO 80 I Q = l e N C  
N T = N C P ( I Q ) + l  

NCP (IQ) =2 
CONTIkUE 
GO TO 1 0 0  
N C P ( I Q ) = h T  
CONTINUE 
NONPER=NOhPER+l 
HETURN 
END 

I F  (NONPER . G T *  NTPER) RETURN 7 

DO 5 1  I = l e k C  

I F  ( hT .LE* U ( I Q e l ) + l )  GO TO 85 

OF COMPILATION: NO DIAGhOSTICS. 



- A 1 2 -  

ENTER PLNTER 
COb’PlLkD BY 1 2 0 1  B C S ~ E  ON 07 JAK 7 1  A T  14:08:11a 

TlNE ENTER E~YTRY POIhT 000044 

USED: CODE(1) 0 0 0 0 6 0 i  DATA(0) 000023 i  BLANK COVYON(2) 000000 

A L  REFERENCES (BLOCK, NAME) 

NEHRJB 

k ASSIGNMENT (BLOCK, TYPE, RELATIVE LCCATION, NAME) 

000u23 1136 0000  I 000000 I 0000 000005 INJPB 0000 I 0 0 0 0 0 1  LP 

I* 
2* 
t* 
4* 
5* 
6* 
7*  
B* 
9* 
10* 
10* 
10* 
10* 
11* 
12* 
13* 
14* 
15* 
16* 
17* 
1 B *  

C 
C 
C 
C 
C 
C 
C 

LNO 

1 0  

SUBROUTINE ENTER PUTS A ROW I N  ARRAY X AT THE. PLACE SPECIFIEU 
BY LINO. THE INFO ENTERED I S  I h  PST OF LENGTH LPSTa FIRST wOPO O F  
X I a E a  X(L INOP1)  I S  BACK LINK.  2ND WORD, X ( L I N 0 , 2 )  I S  V a  

X(L INOe3)  a m .  X(LINO*S+LPST) I S  PSTa 

SUBHOUTINE E I V T E R ( X ~ P S T I V P L I N O , L I N K , L P S T ~ ~ P A G E )  
I V P L I C I T  INTEGER (A-UPW-Z) 
INCLUDE DECLvLIST 

PARAMETER MAXX=2500 
DIMENSION X(MAXXt20) 

DIMENSION P S T ( 1 )  
FLD(OvlBvX(LINOtl))=NPAGE 
FLD(18t18tX(LINOtl))=LINK 
DO 1 0  I = l t L P S T  
X ( L I N 0 , I t P  1 = P S T ( I )  
LPST2=LPSTt2 
RETURN 
END 

IU OF COMPILATION: NO DIAGNOSTICS. 



- A 1 3 -  

PACK ,PACK 
' COMPILED BY 1 2 0 1  BCS7E O t i  0 7  JAN 71  AT 14:07:30. 

I l I N E  PACK ENTRY POINT 000205 

; A L  KEFWENCES (BLOCK, NAME) 

NE H R 3 B 

k ASSIGNMENT (BLOCK, TYPE, RELATIVE LOCATION, NAVE) 

0 0 0 0 5 5  l l O G  0 0 0 1  0 0 0 1 2 1  1 2 2 6  0000 I 000002 I 0000 000007 IN 
I 000001 NwFP 0000 I 000000 NWFS 0000 I 0 0 0 0 0 3  bhFSP1 

1* 
2* 
3* 
4 *  
5* 
6* 
7 *  
a* 
9* 
10* 
11* 
12* 
13* 
14* 
15* 
16* 
17* 
18* 
19* 
20* 
21* 
22* 
23* 
24 * 
25* 
262 
27 * 
2a * 

JD OF 

C 
C 
C 
C 
C 
C 

10 

2 0  

SUBHUJTINE PACK PACKS CUKRENT STATE VECTOR Ah0 CURRENT PERMUTATION 
VECTOR I h T O  114 OF S I Z E  - 4 INDICES PER WORD.. THE F I R S T  
( N X - 1 ) / 4 + 1  kORDS ARE THE STATE VECTOR, THE NEXT hC-1 /4+1 WORDS 
ARE THE CONTROL VECTOR. 

SUBROUTINE P A C K ( C S ~ C P V P S T P N X V N C , L P S T )  
I M P L I C I T  INTEGER ( A - 2 )  
DIMENSIOR CS(NX) ,CP(NCI ,PST( l )  
NWFS=(NX-1)/4+1 
NWFP=(NC-1)/4+1 
DO 1 0  I = l r N W F S  
FLD(Ot9tPST(II)=CS(4*1-3) 
FLD(9t9tPST(I))=CS(4*I'2) 
FLD(18 ,9 ,PST( I ) )=CS(4*1 -1 )  
FLD(27,9tPST(I))=CS(4*1) 
CONTINUE 
NWFSPl=NkFS+l 
DO 20 I = l t N W F P  
J = I + N k F S P l  -1 
FLD(O,9rPST(J) )=CP(4*1-3)  
FL0(9,9,PST(J))=CP(4* I02)  
F L D ( 1 8 , 9 , P S T ( J ) ) = C P ( 4 * I g l )  
FLD(27,9ePST(J))=CP(4*1)  
CONTINUE 
LPSTzNWFStNWFP 
RETURN 
END 

COMPILATION: NO DIAG~OSTICS. 



* .  

- A 1 4 -  

UWC&SPUNPCKS 
COMPILED BY 1 2 0 1  BCS7E Old 07 JAN 7 1  AT 14:07:21. 

T I N E  ~ N P C K S  ENTRY POINT 000074 

t USEG:  CODE(^) 000111; D A T A ( 0 )  oc10030; BLANK C O V P O K \ ; ( ~ )  oooaoo  

i A L  HEFEHENCES (BLOCK e NAML 1 

N t K H 3 5  

~ l i  ASSIGNMENT ( B L O C K ,  TYPE, RELATIVE LOCATION, NAVE) 

OOUb36 1126 0000 I 0 0 0 0 0 1  I 0000 000005 IKJPB oooa I o o o o o o  NNI 

1* 
2* 
j* 
I ( *  
5* 
6* 
6* 
6* 
b*  
7* 
&* 
9* 

l u *  
11* 
12* 
13* 
14* 
15* 
16* 
17* 

C 

C N I P  TH ROW. 
C 

c SUBHOUTI~VE WPCK EXTRACTS THE STATE VECTOR FCRM ARRAY x v  THE 

SUHROUTINE UNPCKS(XvNIP+CStNX) 
INCLUUE D E C L P L I S T  

PAWMETER KAXX=2500 
DIMENSION X(MAXXv20) 

END 
DIMENSION C S ( 1 )  
I M P L I C I T  INTEGER(A-2) 
NWFS=(NX-1)/4+1 
00 1 0  I= lvNWFS 
CS(4*1-3)=FLD(  0 , 9 ~ X ( N 1 P ~ 1 + 2 ) )  
CS(4* I=P)=FLD(  9 , 9 , X ( N I P t I + 2 ) )  
CS(4*1-1)=FLD( l8 ,9 tX(NIP, I+2) )  
C S ( 4 * 1 )  =FLD(27,9 ,X(NIP, I+2) )  

RETURN 
END 

10 CON1 INUE 

JD OF COMPILATION: NO DIAGNOSTICS. 



’. 

LhFCKPvUhPCKP 
COMPILEO HY 1201 BCS7E Oh 0 7  JAh 71 A T  14:03:55. 

r1Nk UhIPCKP ENTRY POINT 000100 

AL kLFEREhCES (BLOCK, NAVE) 

NtRH3B 

k ASSIGhMEfdT (BLOCK, T Y P E i  RELATIVE LOCATIONi K A M E )  

000043 1136 0000 I 000002 I 0000 000006 INJPB 0000 I 000001 KhJf 

1* 
2* 
2*  
2* 
2* 
3* 
4* 
5* 
b* 
7* 
li* 
9* 

1u* 
11* 
12* 
13* 
14* 

10 OF 

S U B H W T I N E  UNPCKP(X,hIPiCPiNC,NX) 
INCLUDE DECLtLIST 

PARAMETER MAXX=2500 
DIWENSION X(MAXXv20) 

thd 

10 

C O M P I L A T I O ~ :  NO DIAGNOSTICS. 



- A 1 6 -  

POFILEtPOFILE 
COKPLLEU PjY 1201 BCS7E O N  07 JAN 7 1  A T  14 :08 :55*  

T l N t  POFILE ENTRY POIlvT 000232 

t USEU: CODE(1) 000273;  C A T A ( 0 )  0 0 0 0 7 7 i  PLANK COMPON(2) 000000 

A L  iiEF EHENCES (BLOCK v KAME 1 

t ASSIGtiMt&T (BLOCK, TYPE, RELATIVE LOCATION, NAME) 

oUOG07 luOF 0 0 0 1  000200  l0OOL 0000 000014  lOOlF 0 0 0 1  0 0 0 0 5 2  11' 
000115 137G 0 0 0 1  000142  1476 0 0 0 1  000143  1 5 2 6  0000 I 000002 I 
000045 INJPB 0000 I 000005  I S  0000 I 000006  I S S  0000 I 000003  J 

I 000000 LPS'12 

1* 
2*  
3* 
3* 
3* 
3* 
4*  
5* 
6* 
7* 
8* 
9* 

10* 
11* 
12* 
13* 
14* 
15* 
16* 
17* 
18* 
19* 
20* 
21* 
22 * 
23* 
24 * 

END 

C 
c 
C 

10  

1 0 0  
C 
C 
C 

SUBROUTIhE POFILE(JTPNPAGEPLENCP,X,MAXXJ,LPSTIKOUNT~ 
NIP,%) 
INCLUDE DECLtL IST 

PARAMETER MAXX=2500 
DIMENSION X(WAXXt20) 

DIMENSION MAXXJ(20e2)  vLENGP(1) 

STARTING W I T H  INDEX 1 PUT OUT UP TO MAXXJ(JT-1,2) 

I F  ( J T - 1  *EQ. 0) GO TO 1000 
LPST2=LPST+2 
LENGP(NPAGE)=MAXXJ(JT-lt2) 
LP=LENGP(NPAGE) 
DO 1 0  I = l v L P  
WHITE(3)  ( X ( I , J ) t J = l t L P S T 2 )  
WRITE(6v100)  NPAGEtLENGP(NPAGE) 
FORMAT(~HO,' I N  POFILE ( ~ 2 1 8 )  

F I X  L I N K S  AND PAGE hUMRER I N  REMAINDER 

IFJ=MAXX-MAXXJ(JT t l )+ l  

NPAGE=NPAGE+1 
DO 15 I=IS,MAXX 
FLD(O, lB ,X( I , l ) )=NPAGE 
F L D ~ 1 8 ~ 1 8 ~ X ~ I ~ l ~ ~ ~ F L D ~ l 8 ~ l ~ ~ X ~ I ~ l ~ ~ - L P  

IS=MAXXJ(JT+~P~) 



- A 1 7 -  

1 5  CONT I h U E  
C 
C V O V E  STATES GENERATED A T  T IME J T  AND J T + ~  
C 

I S S W A X X J ( J T t 1 )  
DO 20  I=ISStWAXX 
DO 20 J = l t L P S T 2  

20  X ( I - I S S + l r J ) = X ( I t J )  
C 
c F I X  M A X X J  ANRAY TO REFLECT T H I S  CHANGE 
C 

M A X X J  (1,1)=1 
M A X X J ( 1 , 2 ) = M A X X J ( J T t 2 ) . L P  
~ A X X J ( 2 t l ) = ~ A X X J ( l t 2 ) + 1  
VAXXJ(2t2)=WAXX0LP 
KOUNT=MAXXJ(2,2) 
h I P = N I P - L P  
JT= 1 
RETURN 

1 0 0 0  k R I T E ( 6 t 1 0 0 1 )  
1 0 0 1  F O R M A T ( ~ H O ~ '  'THIS PROBLEM CANNOT BE CONTIhUED DECAUSE IvO 

.HE THAN 2000 STATES WERE GENERATED DURING ONE T I V E  SLOT.') 
RETURN 9 
END 

I *  

I *  

' *  
>*  
r *  
I *  
.* 
:* 
I *  
t *  

14 
I *  

' *  
) *  
;* 
J *  
.* 
i4 
i4  
r *  

I *  

I *  

' *  
I *  

OF COMPILATION: h0 DIAGNOSTICS. 



4 

1VE LOCATION, NAME) 

l O l F  0000 000065 102F 0 0 0 1  U0002h 120G 
l h O G  0 0 0 1  000142  1 6 5 6  0 0 0 1  COO173 176G 
INJPB 0000 I 0 0 0 0 3 1  J 0000 1 ~00026 K 
x v  

* 
* 
* * 
* t F v U  * 
4 

* 
* 
* 1ou  * 
t 

* 1 0 2  
* 
* * * 
* * 
* 
* 101 
* 10  * 
* 
* 
4 * 

SUUHOUT'INE P H T O U T ( X , J T , X F , N J t N X , I D , ~ A X X J t J T T T )  
INCLUDE OECLtL IST 

PAHAKETtR FFAXX=2500 
DIPENSION X(MAXXe20) 

DIVENSION X F ( l ) t N T ( 2 0 )  
OIMEhSION MAXXJ(20p2) 
INTEGER XPXF 
WRITE(6, lOU) I D e J T  
F O H M A T ( ~ H ~ P ~ O X P ' T H E  FOLLOWING ARE THE F INAL  STATE VEClOHS 



. 

4 

* 
* 
* 
* 20 * 
* 
OF C O P P I L A 1  I m :  

- A 1 9 -  
I I = A ( F ( I )  
xv=3 0 OL ( x ( I I P 2 1 1 
Cr1LL 
b H I T E ( 6 ~ 1 0 1 )  I I I X V t ( N T ( J ) P J = l r N X )  
CONTIlvUE 
I( E Tb t? r\: 
t h D  

L'NPCKS ( X  t I I P N T  t NX 1 

I r O  D I AGhOSTICS 



- A 2 0 -  
GPDFIL*PRTCHN,P~TCtlEu 

dCPILE5 R Y  1 2 0 1  RC57E Oh 1 8  J A N  71 AT 30:47:17. 

NL PdTCt.1N EKTHY POIhT 000464 

ASSlWMtNT (BLOCK, TYPE, RELATIVE LOCATION, NAPE) 

U U U 2 6 1  
00uu52 
c) 0 (1 L 4  3 
U U U 4 l l  
I) 0 b 44 5 
0001rSO 
300115 
UU0lU4 
OU0107 

4 

* * 
* 
* 
* 
* * * 
* * * * * * * * * * 

1 0 L  
1 2 7 6  
2206  
L77G 
bOL 
FMTl  
J 
LIWG 
NUSKIP 

0000 
0 0 0 1  
0 0 U l  
0 0 0 1  
D C O l  
0000 
0000 
0000 
0000 

000146 lOOF 
000111  1 4 2 6  
000247 2246 
0U0152 3L 
U00233 6 1 L  

I 000063 FMTE 
I 000100 JJ 
I 000077 LPST2 
H 000113 SKIP 

0000 
0 0 0 1  
0 0 0 1  
0 0 0 1  
0000 
0000 
0000 
0000 
0000 

000117 1 O O O F  
000131  1526 
000307 2366 
000347 30L 

I 000000 CP 
I 000101  I 
I 000106 JTN 
I 000112 LSKIP 
R C l O O l l l  SPECS 

0000 
0 0 0 1  
0 0 0 1  
0 0 0 1  
0000 
0000 
0000 
0000 
0000 

000130 1nnlF 
000216 2036 
000325 24hG 
000426 307C 

I 000024 CS 
I 000110 I D  
I 000103 K 
I 000116 Ivl 
H u00102 x v  

OIMENSION CP(EO),CS(2O),XF 
DIMENSION F M l l ( l l ) ~ F M T 2 ( 1 1  
INTEGER CURPG 
INTEGER C S t C P ,  
INTEGER X P X F L N ~ F M T ~ ~ F M T ~  

C SET UP FORMATS FOH PRINTOUT. 
C 

ENCOUE(FMT1,lOOO) NX 
1 0 0 0  

1001 
1 0 0 2  



1 8 

' 4  

* 
14 

4 

4 

* * 
* 
* 
i 

* 
* 
* 
* 
* * 
* 
4 
4 

* 
4 
* 
i 

* 
* 
* 
4 * 
* 
* * 
4 
* 
* * 
* 
4 
4 

4 * 
* 
* 
4 
* 
* 
c 
1 
c 
L 

4 
c 
t 

c 
r 
c 
c 
v 

c 
C 
c 

c 
c 
c 

1ou  

C 
c 
c 
c 
c 

c; 
C 
c 

5 

C 
c 
C 

C 
C 
c 

5 

6 
61 

7 

C 
C 
C 
10 

PICK UP i A C t i  FI'dAL V€CTOW SPECIFIED I N  X F I N  

RETRIEVE PAGL OF LIhK 
HETHIEVE L I N K  T O  PREVIOUS STATE 
UhPACI< Tl iE PLHMUTATlGN THAT GENERATE0 CURRENT STATE 

CONSIDER PREVIOUS TIME 

I F  EQUAL, S V I L  N I T H I h  SAKE PAGE 

I F  (L INPG . E G .  CURPG) GO TO 10 

PLST R E T R I E V E  PHEVIObS PAGE 

R E k I h D  10 
h S K I P = L I N P G - l  
HEAU(10)  I D  
h E A G ( l O )  SPECS 
I F  ( h S K I P  .EQ. 0 )  GO TO 61  
L S K  IP=O 
00 5 K=l,NSKSP 
LSKIP=LENGP(K)+LSKIP 
GO 6 K=I ,LSKIP 
H E A U ( 1 0 )  S K I P  
NLEN=LENGP(LINPG) 
DO 7 K=l,NLEN 
HEAD(10) ( X ( K , J ) v J = l , L P S T 2 )  
CURPG=LINPG 

UNPACK STATE AND lrtRlTE OUT AS PREVIOUS STEP I h  C h A I N  

CALL UNPCKS(X,LINLIN,CSINX) 
X V = U O O L ( X ( L I N L I N P ~ ) )  
k R I T E ( 6 , 1 0 0 2 )  ( C P ( K l t K = l t N C O N f R  1 

. . .... 



4 .  w 

- A 2 2 -  

4 

* 
4 * 
.4 
* 
* 
* 
* 
4 
* 
* 
4 

* 
4 

* 
* 
* * 
f 

* 
* 
* 
* * 
4 
* * * 

c 
c 
c 
c 

c 
c 
c 
c 
30 

35 

J6 

37 
5 0  
bo 



* r  . 

- A 2 3 -  

FINVECpFINVEC 
L COWPILEG BY 1 2 0 1  RCS7E oh 07 JAN 7 1  AT 14:15:40*  

J I l N E  F IhVEC ERTHY POItvT 030054  

GE USEL): CODE(1) 0 0 0 0 7 3 i  DATA(0)  000030; BLANK COVYON(21 000000 

O h  HLOCKS: 

PAHAM 000002 

;NAL HEFEHEIJCES (BLOCK t NAME 1 

\ G t  ASSIGhUHLNT (BLOCK, TYPE, RELATIVE LOCATION, NAME) 

L OOOG15 1166 00UO I 000000 cs 0000 I no0013 I 
5 0000UO JTIME 0000  I 000012 NFJ 0003 I 0 0 0 0 0 1  X I N  

0000 o o o o i 5  I r  I 

1* 
2* 
3* 
3* 
j* 
3* 
4*  
4* 
4* 
4* 
5* 
G* 
7* 
8* 
9* 

10* 
11s 
12*  
13*  
13* 
14* 
15* 
16* 
1 7 *  
18* 

END 

END 

C 
C 

END 

1000  

SUBHOirTIt\1E F I N V E C ( X , J T , M A X X J , N X , X F I ~ p ~ J )  
DIMENSION MAXXJ(20v2)pXFIN(l)pCS(lO) 
INCLUDE DECLvLIST 

PARAMETER PAXX=2500 
DIP8ENSION X(MAXXp20) 

INCLUDE COMLNKpLIST 
COMMON/PARAM/ JTIMEpXIN(1)  
IlvTEGER X I N  

INTEtiER XtXFINvCS 

VECTORS FOR THIS  TIME EXTEND FROM M A X X J ( J T + l ) v I )  TO MAXXJ(JTt1p2)  
hJ=0  
NFJ=MAXXJ(JT+lt2)-KAXXJ(JTtlt11+1 
DO 1 0 0 0  I z l v N F J  
JJ=MAXXJ(JT+1,1)+1-1 
CALL UNPCKS(XpJJvCSvNX) 
INCLUDE F I N C N S ~ L I S T  

NJ=NJ+ 1 
X F I N ( N J ) = J J  
CONTINUE 
RETURN 
END 

END OF COMPILATION: k0 DIAGNOSTICS. 



- A 2 4 -  

CONSTHPCONSTR 
1 COMPILED BY 1 2 0 1  oCS7E OF, 07 JAk 7 1  AT 14:13:55. 

J'f 1NE CONSTH ENTRY POIlvT 0 0 0 0 1 6  

NAL FtEFERENCES (BLOCKv NAME) 

IGL ASSIGRKENT (BLOCK, TYPE, RELATIVE LOCATION, NAPE) 

I OOUuOU ~ N J P B  0003 U U O O O O  JTIME 0003 I 000001  X I N  

1* 
2* 
3* 
4 *  
5* 
6* 
7 *  
d* 
9* 

10* 
11* 
11* 
11* 
11* 
l 2 *  
l 2 *  
Y3* 
13* 
1 4 *  
14* 
15* 

c 
C 
C 
C 
C 
C 
C 

END 

ENU 

END 

ENLJ 

*DlAGhOST I C *  

'IHE NAME ST APPEARS I F U  A DIMENSION OR TYPE STATEMENT RUT IS NEVER REFEf 
SUBROUTINE CONST!?(CSPCPINX~NC,B) 
DIMENSION C S ( l ) , C P ( l )  
INTEGER STVCPPCS 

SUBROUTINE CONSTR TESTS THE F E A S I B I L I T Y  OF THE STATE AND CONTROL 
CONFIGURATION AT TIME JTIME. THREE T Y P l \  OF CONSTRAINTS VUST 
BE CHECKED - STATE, CONTROL, AND COMBIN3TION OF STATE Ah0 CCNTROL 

ThREE PROCEDURES PROVIDED BY THE USER 03 T H I S  9 SCOhST,CCONSTvDCONST 

INCLUDE COMLNKvLIST 
COMMON/PARAM/ J T I M E t X I N ( 1 )  
INTEGER X I N  

INCLUDE SCONSTtLIST 

INCLUDE CCONSTvLIST 

INCLUDE B C O N S T ~ L I S T  

RETURN 
CONTROL CAN NEVER REACH THE NEXT STATEMENT 

16* 1 0 0 0  RETURN s 
1 7 *  END 

END OF COMPILATION: 2 DIAGFUOSTICS. 



-. . 

- A 2 5 -  

CCVCOS,COKCOS 
3 COMPlLED BY 1201 RCS7E G h  07 J A N  71 AT l4 :13 :0S.  

u I IrdE COKCOS EIUTRY POIlJT 000016 

!NAL fiEF LHENCES (BLOCK P NAME 1 

1 NEHH4B 
I NERK3B 

\Gt A ~ S I G ~ M E N T  (BLOCK, TYPE, RELATIVE LOCATION, NAPE) 

I O O O O U O  I N J P B  0003  000000 JTIME 0003 I t ) O O O O l  X I N  

1* 
2* 
3* 
4 *  
5* 
6* 
7*  
c3* 
9* 
9* 
9* 
9* 
10* 
10* 
11* 
11* 
12* 

C 
C 
C 
C 
C 

E hU 

LND 

ENU 

*DIAGNOSTIC* 

SUBHOUTIIUE C O V C O S ( C S , C P v S T t P v V , V V v S )  
DIMEhSIOh C S ( l ) , C P ( l ) t S T ( l )  
INTEGER CSvCPvST 

COVCOS COMPUTES COST V V  FROM THE STATE AND COhTROL AND PARTIAL 
COST, I T  ALSO CHECKS I F  THE COST S A T I S F I E S  A h Y  CONSTRAINTS. 
PROCEDURES TCOST AND VCONST ARE USED. 

INCLUDE COMLNK , L I S T  
COMMON/PARAM/ J T I M E , X I N ( ~ )  
INTEGER XIN 

INCLUDE TCOST v L I S T  

INCLUDE VCONSTPLIST 

HETURN 
COkTROL CAN NEVER REACH THE NEXT STATEMENT 

13* 1000 R€TUH~I 7 
14* END 

END OF COMPILATION: 1 DIAGNOSTICS. 



- A 2 6 -  

COSLIMPCOSLIM 
0 COMlPlLED R Y  1 2 0 1  9CS7E bh 07 JAN 7 1  A T  14:12:06. 

UTIIdL COSLIV ENTRY POItdT 000016 

:NAL HEFEHENCES (BLOCK, NAMt)  

! NEHk43 
NEHHJB 

rGE ASSIGNMENT (BLOCK, TYPE, RELATlVE LOCATIONI NAPE) 

000000 I N J P B  U003 000000 JTIME 0003 I 0 0 0 0 0 1  X I N  

I* 
2* c 
3* c 
4 *  c 
5* c 
6* 
6* 
6* 
tj* END 
7 *  
7 *  END 
a*  

*DIAGNOSTIC* 
9* 1 0 0 0  

10* 

SURROUTXNE COSLIM(PvB) 

COSLIrvl TESTS L I M I T  ON COST P AT ANY STAGE Iti CALCULATIONS. 
CONSTRAINTS COME FROFi PROCEDURE COSTCN 

INCLUDE COMLNKeLIST 
COKNON/PARAM/ J T I M E t X I N ( 1 )  
INTEGER X I I U  

INCLUDE COSTCN,LIST’ 

RETURN 

RETUHF; 2 
€NO 

CONTROL CAN NEVER REACH THE hEXT STATEMENT 

END OF COMPILAl  SON: 1 DIAGNOSTICS. 



- A 2 7 -  

CCST 1 COST 
0 CO#PILkD R Y  1 2 0 1  RCS7E urd 07 JAh 71 AT 14:11:49. 

IOh COST EN T R Y F: 0 I l%d T 0 0 0 0 1 1 

'NAL REFERENCES (BLOCK v NAME) 

1 NkRH3S 

Z G t  A S S I G ~ M L N T  ( B L v c K ~  TYPE, RELATIVE LOCATION, NAME) 

J H O O O o U O  COST 0000 000002 INJPB 0003 ~00000 J T I V E  I 0000 I1 (Joooo1 P 

* ~ A A G N O S I I C *  
*DIAGNOSTIC*  

1* 
2* 
3* 
4* c 
5* c 
6* C 
7*  c 
t3* 
8* 
8* 
tl* END 
9* 
9* L NU 
10* 
11* 
12* 

THL VARIABLE, P ,  IS REFEREMEO IN THIS PROGRAV, auT IS NGWHEHE ASSIGNE 
THE NAVE ST APPEARS I t u  A DIMENSION OR TYPE STATEMENT BUT I S  IdELEH REFE 

FUNCTION COST(CSrCPtNXeNC) 
OIMEhSION C S ( l ) , C P ( l )  
INTEGER CStCPvST 

COST COMPUTES PRICE P OF CONTROLS CP APPLIED TO STATE CS. 
FUNCTION COMES FROM PROCEDURE COSTF 

INCLUDE COMLNKtLIST 
COMMON/PARAM/ JTIMEPXIN(~) 
INTEGER X I N  

INCLUDE COSTFvLIST 

COST=P 
RETURN 
END 

ErJu OF COMPILATION: 2 DIAG~oSTICS. 

... 



- A 2 8 -  

NEXTSTtNEXTST 
0 COVPLLED BY 1 2 0 1  f3CS7E O N  07 JAN 71 AT 14:10:37 .  

:UI 1 N t  hUEXTST ENTRY PO I LqT 0 0 0 0 0 6 

tNkL kEFEkENCES (BLOCK, NAME) 

I NtHk38 

ujt ASSltihMENT (BLOCK, TYPE, RELATIVE LOCATION, NAVE:) 

I O ( i O t i l l 0  INJt’S 0003 000000 J T I P E  0003 I 0 0 0 0 0 1  X I N  

1* 
2* 
3* 
4* 
5* 
6* 
7 *  
8* 
ti* 
8* 
8* 
9 4  
9* 

10*  
11* 

END OF 

SUUKOUTINE ~EXTST(CS,CPISTPNX,NC) 
L IMEhSION C S ( l ) , C P ( l ) , S T ( l )  
INTEGER CSPCPPST 

C 
C T H I S  SUBHOUTINE USES A PROBLEM S P E C I F I C  FUNCTION LOCATED I N  
C PROCEDURE NENST TO COMPUTE THE NEW STATE FROW CS AhD CP. 
C 

INCLUDE COMLNKvLIST 
COMhON/PARAY/ J T I M E I X I N ( ~ )  
INTEGER X I N  

t N D  

t N D  
INCLUDE NEWSTPLIST 

RETUHN 
END 

COMPlLATION: NO DIAGNOSTICS. 
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